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Prologue 
1. Ferroelectncity 
With the discovery ot the first lerroelectnc crystal, Rochelle salt by Valasek1 2 in 1920. 
an interesting new field was opened After the importance of Valasek's discovery had 
been recognized which took some ten years, a large number of ferroelectric materials 
has been found 1 ч The name ferroelectncity was not introduced by Valasek but most 
probably in 1940 by Mueller61 Apart from being ferroelectric, the materials also are 
pyro- and piezoelectric For example the piezoelectric effect that occurs in Rochelle salt 
had already been discovered some 40 years before the discovery of its ferroelectncity 7 
The technological applications of ferroelectncity have become increasingly important 
especially after barium manate, BaTiO^, and lead tilanale, PbTiO^, were found to be 
ferroelectric 8-'° These compounds at room temperature crystallize in the perovskite-
type structure, see Fig 1 This simpler structure as compared to that ot Rochelle salt 
facilitated the theoretical understanding of ferroelectncity greatly 1 [ 
A material in the ferroelectric state, like lead titanale below its transition tempera­
ture, possesses a permanent electric dipole moment The permanent dipole is due to the 
tact that in the non-centrosymmetnc unit cell the centre ol positive charge of the crystal 
does not coincide with that of negative charge In a simplified view the relative dis­
placements of the anions and cations give rise to an electrical polarization that can have 
two (in some cases more) directions, see Fig 1 In the case of a macroscopic grain or 
thin film ot a ferroelectric material, many unit cells have their polarizations aligned 
thus forming a ferroelectric domain The direction of the macroscopic polarization of 
such a domain may be changed by an external electric field ot sufficient strength Once 
it is switched in a certain direction, it remains there until it is changed by an electrical 
field with another direction The ferroelectric behaviour then is characterized by a hys­
teresis curve giving the polan/ation as a function of the electric field, see Fig 2 The 
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electric field-strength at which the polarization changes sign is called the coercive field-
strength, Ec At a given electric held of infinite strength the ferroelectric material reach-
es its saturation polarization It is important to note that at zero external field the po 
lanzation of the ferroelectric material has a non-zero value in either the positive or the 
negative direction These polarizations are called the remanent polarizations, Pr, and 
they provide the basis tor a natural memory 
The ferroelectric material that has been investigated most thoroughly until now, is 
lead zirconate manate PbZrtTi) ,Оз The work described in this thesis focuses on this 
material 
2. The topic and scope of this thesis 
At Philips Research a project was started at the end of 1988 with the goal of evaluating 
the feasibility ot the integration of ferroelectric thin films meeting the requirements as 
specified below, and CMOS technology 
An important issue of the project is the synthesis ot thin PbZr,Ti| Оз films At the 
start of the project, these films were synthesized using sputtering and spin coating 
Although good films may be obtained, it was a believe at Philips that these techniques 
in the end would not be capable of producing films of the required specifications In 
addition to the ferroelectric properties of the film, also items such as a good step cover­
age, uniform deposition over 10 cm wafers are important Ideally, the films are deposit-
Piolante 3 
ed at high rales and al low substrate temperatures 
Organometallic chemical vapour deposition (OMCVD) is a candidate technique 
capable of meeting most ot the requirements The synthesis ot PbZrjTii
 (Оз thin films 
using this technique is the topic of this thesis In the spring of 1990 the work on this 
topic was started The scope of the research described in this thesis is to investigate the 
use of OMCVD on its merits for the deposition of ferroelectric PbZr,Ti | ,Оз thin films 
This Prologue describes the background of the research, ; e the development of a 
ferroelectric memory In the Introduction (Chapter 1) a description ot (he technique of 
OMCVD dedicated to the deposition of oxides is given Examples of the deposition of 
oxides, and a survey ot the deposition of lead titanate and lead 7irconate titanate, using 
OMCVD will be presented In Chapter 2 named Experimentar descriptions of the 
deposition systems are given as well as a motivation for the substrates that are used 
The further contents of this thesis can be divided into two parts one focusing on het-
eroepitaxial growth (Chapters 3 to 8) and one on polycrystalline growth (Chapters 9 to 
12) 
Chapter 3 starts with the description of what can be regarded, trom the viewpoint of 
growth ot hlms, as a simple system lead titanate on strontium titanate Single crys­
talline substrates of lead titanate are not available and strontium manate is a substrate 
that best approaches the structure and lattice constants of lead titanate The growth, 
kinetics ot the growth, including a model, and structure ot the PbTiO-( thin films on 
(OOl)SrTiOi are described in the Chapters 4, 5 and 6 Chapter 7 is dedicated to the 
growth and structure of very thin films It appears that in these films, at room tempera­
ture the tetragonal structure of lead titanate tends to deform to a cubic one In the fol­
lowing (Chapter 8), zirconium is added to the PbTiO^ the growth of PbZr(Ti] ,0} is 
described on (OOlJSrTiO^ In this system the mismatch is larger compared to 
(ООІ)РЬТіОз on (0()l)SrTiO3 and, moreover, this mismatch can be manipulated by 
changing the zirconium to titanium ratio Ferroelectric hysteresis loops are measured 
for epitaxial PbZr
v
Tii
 (Оз films grown on (OOl)SrTiOi substrates provided with a het-
eroepitaxial conductive (OOl)SrRuO} film (deposited using pulsed laser deposition12) 
The ferroelectric properties of these capacitors are described 
The second part of this thesis is about the deposition ot polycrystalline 
PbZr
x
Ti| ,0} on Si waters provided with a platinum electrode The deposition of 
PbZr
v
Tij
 (Oi is described using a model that is based on the formulation as presented 
in Chapter 5 The Chapters 11 and 12 include the results of the deposition over 10 cm 
wafers using a dedicated OMCVD apparatus These chapters contain work that is of 
direct relevance tor the development of ferroelectric memory devices In fact, the larger 
part of the experimental work on the OMCVD of ferroelectric thin films at Philips 
Research was dedicated to this topic and only a relatively small part is included in this 
thesis 
4 Ріоіоцие 
2.1. The background »Γ this thesis: ferroelectrics for non-volatile memories. 
Ferroelectricity in thin lilms. together with other properties that usually accompany 
such materials, enables the manufacturing of a hole range ol electronic applications.1 1 
Among these, the use ol lerroelectncs for non-volatile memories is seen as one of the 
most promising from a technical as well as a commercial point ol' view. Although ferro­
electric memories have advantages over most other memory concepts, a breakthrough 
has not occurred until now. In fact, the development ol' such memories has been rather 
slow. Early prototypes sullered from a) memory loss resulting from insufficient control 
in the matrix addressing, b) fatigue problems and c) unacceptable high operating volt­
ages. I 4 Rapid developments in the silicon integrated circuit technology also decreased 
the need for alternative technologies like the ferroelectric memories. It was generally 
believed that all the necessary technology would become available in standard semi­
conductor technology. A reason for a renewed interest in non-volatile memories using 
ferroelectric materials is that industries are beginning to reali/e that the necessary tech­
nology needed for a non-volatile memory using ferroelectrics is much simpler, and 
therefore cheaper, than with use of silicon technology only. Attractive properties of a 
ferroelectric memory would be its low voltage operation (3 V and less) and its low 
power consumption. 
The present memory cells combining transistors with ferroelectric capacitors have 
only been considered for about a halt decade, initiated at small US companies.1 ' ' The 
progress has recently led to the availability of small memories (4 and 16 kbit). In the 
meantime activities have been started at a large number ol' Japanese. European and US 
major electronics companies, including Philips. 
The integration of thin ferroelectric layers and MOS transistors allows the design of 
dense memories that combine the important characteristics of most of the existing 
memory types such as random access memory (RAM) and electrical programmable 
read only memory (EPROM). A ferroelectric random access memory (FERAM) is non­
volatile, allows a large number of read and write cycles ( > 1 0 " ) , shows fast read and 
write performance and can have a very small cell. Particularly, the ability of ferroelec­
tric layers to switch at voltages within the supply-voltage limits of modern logic CMOS 
processes will enhance the compatibility with VLSI processes and can be a break­
through in the realization of an 'electronic system on a single chip'. 
In most ferroelectric memory designs the basic component is the ferroelectric 
capacitor, built from a ferroelectric film sandwiched between two electrodes. In 
PbZr ( Ti | . ,03 capacitors the bottom electrode must be able to withstand the reactivity of 
the PbZr t Ti | . v 03 and the relatively high processing temperatures (>6()()°C). As a rule, a 
platinum-based bottom electrode sputtered onto the substrate provided with a pre-
deposited thin titanium adhesion layer, is used. 
The top electrode does not undergo the ferroelectric material processing, but it has 
to be sufficiently inert to withstand the subsequent device processing that involves tem­
peratures between 400 and 70()°C, depending on the processing details. Usually plat­
inum is also used for the top electrode. It is beneficial, but not essential, to use the same 
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material for the two electrodes since in this case the ferroelectric capacitor is symmetri­
cal 
A complete memoiy cell is obtained by connecting one of the electrodes ot a terrò 
electric capacitor to the source or drain of a MOS transistor In Fig 4 the electric 
scheme (a) ot a memory cell consisting ot one transistor and one ferroelectric capaci-
tor, and a schematic cross sectional view (b) of a feiroelectnc memory cell with the 
capacitor placed on the thermal oxide next to the transistor are given Memories with 
higher densities may be obtained by positioning the ferroelectric capacitor on top ot the 
transistor or even inside the contact hole 
The processing of such a memory device takes place in three phases First, standard 
1С processing in a conventional silicon foundry, yields the transistors without metal 
li7ation Instead they are covered with a blanket insulator layer Then the ferroelectric 
capacitor is fabricated Special precautions have to be taken because this part ot the 
processing deals with materials that are 
not common in conventional silicon pro 
ccssing The final back-end processing, 
again done by standard 1С processing, 
involves deposition of the isolation layer 
surrounding the capacitor, etching ot all 
the contact holes and deposition and struc­
turing of the, for example TiW/Al, metal­
lization 
In memories, pulse signals are used 
Fi%4 Test с ii с nit foi time and consequently characterization of the 
ferroelectric capacitors using pulses are 
important Fig 4 shows a test circuit for 
ferroelectric capacitors The ferroelectric 
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Fig.5. Bipolar test pulses (I and 2) for measuring the switched and non-
switched polarization changes A/\ and AP,IS. Before these test pulses 
the sample is polarised in the opposite direction by a single pulse of 
the opposite sign. The response of the ferroelectric material is also 
shown. The switching pulse generates the largest transient. 
capacitor is connected in series with a resistor, R. The integration of voltage with time 
over this resistance is a measure of the charge build-up in the ferroelectric capacitor. 
Consider now the pulse sequence as given in Fig.5. The first pulse having negative sign 
switches the polarization in one direction. The first of the two positive pulses will 
change the polarization of the ferroelectric into the opposite direction, and will thus 
probe the switched polarization change, ΔΡ
ν
 The second positive pulse probes the non-
switched polarization change, AP
ns
. In the time-dependent measurement of the voltage 
across the resistance R, the APS gives a larger signal than the APns. After each pulse the 
capacitor partly discharges resulting in the signals denoted by AP^^^ge ш ш е t ' m e 
dependent voltage measurement (in principle APd ] S C t l d r g e is equal to APns). In the opera­
tion of a ferroelectric memory the large response, APS, may be attributed to a logic ' 1 ' 
and the small response, AP
ns
 to a logic '0'. 
It is a point of major importance for nonvolatile memories that the endurance, ; e 
the ability to withstand a large number of switching cycles, is as large as possible. The 
endurance of a memory is determined by the fatigue of the ferroelectric material, i.e. 
the degradation in ferroelectric properties (e.g. remanent polarization) caused by repeat­
ed polarization reversals. The fatigue can be determined by combining the described 
measurements with single bipolar pulse sequences serving to switch the ferroelectric 
Pi aloque 7 
capacitor over extended pulse cycle ranges, e ι· from IO2 to IO10 and even up to 1 0 n 
cycles 
Retention is also important because it describes the ability to keep a property, e g 
the remanent polarization, over a large time period The ageing behaviour, e g the 
decrease of the remanent polarization with time, determines the retention Although 
much research effort has been put into the understanding of the ageing and fatigue 
mechanisms of terroelectncs, a fundamental understanding still seems to be lacking 
The application of ferroelectric thin films in e g memories would probably be acceler­
ated if the problems ot langue and retention were solved It is a general believe, howev 
er, that, also with today's ferroelectncs state of the art, the marriage of ferroelectric thin 
films with a silicon-based memory technology offers the potential of combining a nat­
ural ferroelectric memory with fast read- and write times as well as very small cell 
sizes Recently the use ot terroelectncs tor memory applications has been reviewed by 
Larsen lf> 
2 2 Lead zirconate titanate 
For memory applications, ferroelectric materials should meet a number of device ori­
ented requirements lf> The minimum value for the switching polarization can be esti­
mated from typical charge detection thresholds and the minimum capacitor area For an 
area of about 2 μιτι2 the value is about 5 цС/ст2 The number of read and write cycles 
(/ e the endurance) should be at least 10'° and preferably up to 1015 cycles The reten­
tion (time during which the data are kept) should be at least 1 and ultimately 10 years 
3 85 
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The switching ot the polarization below standard 1С voltages at present 'S V and m the 
luture ~1 V- requires a him thinner than about 0 5 μηπ fi om a material with relativel) 
small coercive field These requirements are met to a substantial degree by hlnis ot 
PbZr
v
1ii
 v
O^ Ot impoitance is that the processing ot PbZr (Ti] О^ films is compatible 
with standard 1С processing 
At room temperature PbZr ( Ti| vO^ has the tetragonal perovskite type structure (see 
Fig 1) when x<() 51 with the polarization direction parallel along the Í axis II a laiger 
fraction ol the titanium is replaced by zirconium (x>0 53), the structure becomes 
rhombohedral and the spontaneous polarization in this structure is along the (11 l)axes 
On the PbZrOi side of the phase diagram (x>() 95) antiferroelectnc phases exist In 
Fig 6 the lattice constants ol PbZrvTi| ,0^ as a function ot the /irconium traction, ι, are 
presented ' 7 
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1. Introduction 
1.1. Thin film deposition 
For integrated electronic applications ol Icrroclcclric materials, obviously it is a pre­
requisite to synthesi/c them in the tonn of thin films The onset of modern thin tilm 
technology ol ferroelectric thin-films probably was in 1%9 by the work of Takei et al ' 
Although in the 19704 a lot of el lort was put m the development ot thin-film technolo­
gy real progress was slow and the reproducible deposition ol thin dims of the correct 
sloichiometry lemained difficult Sputtering ol lilms that contain elements with a rela­
tively high vapour pressure like tor example lead in the PbZr t Ti | vO} system or bis­
muth m ВцТцОіт, was hampered by the evaporation ot these elements from the him 
during the deposition process This could be overcome by using targets that contain 
excess ot the volatile elements ' However, in these cases problems were encountered 
with change of the target composition with time 
During the last decide 'classic' deposition techniques, for example sputtering, have 
been greatly improved and new ones have been developed, such as pulsed laser deposi-
Uon. spin coating (sol gel, metalorganic decomposition (MOD)) and organometallic 
chemical vapour deposition (OMCVD) 
Using pulsed laser deposition complex stacks ot high quality epitaxial films may be 
synthesized - •· This deposition technique is veiy suitable tor the research on new com­
binations ol materials It has proven to be very uselul in the testing of oxidic electrodes 
in ferroelectric capacitors * The synthesis ol such oxidic electrodes using other deposi­
tion techniques generally will be more difficult The main disadvantage of pulsed laser 
deposition is that only relatively small areas can be deposited uniformly Attempts to 
deposit lilms unilormly over 10 cm wafers have been unsuccesslul so lar Sol-gel is a 
very powerful technique since it is relatively simple and it is capable of depositing uni­
form films over large areas It is used tor the deposition of ferroelectric materials'' and 
M is a candidate as a deposition technique on an industrial scale The quality of the 
films has been improved by adjusting the chemistry of this process, e ц by using 
organometallic precursors (=MOD) Drawbacks of this technique are the sometimes 
poor step coverage and the microstructure of thin films the process includes the use ot 
a solvent which has to be evaporated from the film during the growth OMCVD is, like 
pulsed laser deposition, an epitaxial growth technique implying that high quality lilms 
may be grown using this technique OMCVD is expected to have some distinct advan­
tages when unitomi deposition over large areas is desirable At the start ol the research 
described in this thesis, little was known about the use ol this technique for the deposi­
tion of feiroelectnc PbZ^Ti]
 v
O^ thin films In the following an introduction to the 
technique ol OMCVD will be given as well as a survey of the literature on its use for 
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the deposition of hlms ot the Pb| ^β\^ά%7τ{1\\ vOi lamily Recently deposition tech­
niques for ferroelectric thin dims have been reviewed by Roy et al(' 
1.2. Organometallic chemical vapour deposition 
Chemical vapour deposition (CVD) processes where volatile compounds ot the ele­
ments to be incorporated into the solid, the so-called precursors are transported via the 
gas phase to the region where deposition takes place are well known Historically the 
most commonly used precursors are chlorides and hydrides Such compounds are readi­
ly available in most cases easy to handle and often have sufficiently high vapour pres­
sures Chloride precursors may be formed in situ by leading HCl over the metal 
Although in many cases good results are obtained, process control not always is opti­
mal and the contamination of the film with halogen atoms is reported To overcome 
these drawbacks Manasevit7 in 1968 proposed the use of an alternative class of precur­
sors organometallic compounds Such molecules are characterized by the presence ol 
direct bonds between the (central) metal atom and carbon atoms of the surrounding 
óigame fragments or ligands It such compounds are used as precursors in a CVD 
process the technique is referred to as organometallic chemical vapour deposition, or 
in the case ot epitaxial growth organometallic vapour phase epitaxy (OMVPF) The 
use of organometallics as precursors has several advantages In the lirst place they have 
a volatility that is usually but not always higher than that of inorganic compounds of 
the same metals This enables higher deposition rates In the second place, the 
decomposition temperature ot such compounds is relatively low This implies the possi-
bility of the use ol lower deposition temperatures Another advantage is that physical 
and chemical properties can be tailored by introducing small changes in the ligands In 
this way a number ol useful compounds has become available With proper choices ol 
precursors and deposition conditions it turned out to be possible to deposit thin films of 
high purity Although the precursors contain a substantial amount of carbon generally 
this is not incorporated in the films Carbon incorporation is suppressed by the use of 
reactive gasses like hydrogen or oxygen The decomposition of the organometallics 
yields volatile species that react with the carrier gas to form volatile products, which 
then are exhausted Today organometallic chemical vapour deposition has established 
itself as a mature deposition technique in the world ot compound semiconductor thin 
films Impressive control of layer thickness and composition can now be achieved 8 9 
Organometallic chemical vapour deposition has recently been applied successfully for 
the deposition of oxidic thin films such as high Tt superconductors and ferroelectrics 
For several reasons, К is likely that this technique will play an important role in future 
developments of ferroelectric thin film deposition It has the advantage over most other 
techniques that a high oxygen partial pressure can be applied during the deposition 
OMCVD can be easily scaled-up, both in wafer throughput as well as in wafer diame­
ter This makes the technique a promising candidate for deposition on an industrial 
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Table 1 I Examples of oudu thin films deposited by (OM)CVDfoi elei 
ti ome appliiatiom 
category compound reterencc 
Conductors /nO RuCb T b O , 10 Π 
Ferroeleclncs Pb| iy/2LayZrxTi | χΟ^ B14T13O12 ВаТЮз 14 19 
SrTiOn 
High T
c
 superconductors YBaiCuiO/g Bi Sr Ca Cu О 20 22 
Dieleclrics TiCh (Ba Sr)TiOi Td2Os ІЧЬіСЦ 2126 
Bul fers MgO MgAI2Q4 27 28 
scale A characteristic of OMCVD, which is of technological importance, is that a very 
good step coverage can be achieved With many other deposition techniques it is diffi 
cult to deposit films uniformly in, e ç , contact-holes with large aspect ratios 
Among the ferroelectric materials the perovskite type oxides attract the main atten-
tion, with emphasis on the PbZrxTi| (0^ system One should remember that also other 
types of terroelectncs can be deposited using this deposition technique In fact, the 
range of materials that can be deposited using OMCVD is mainly limited by the avail 
ability ol suitable precursors tor the desired elements In Table 1 1 examples of oxidic 
thin films prepared by OMCVD are given l 0 28 
121 The technique of OMCVD 
The process of (OM)CVD involves a series of physical and chemical sub processes 
evaporation and transport of precursors, 
• chemical reactions in the gas phase, 
diffusion of reactants in the gas phase, 
• adsorption and desorption, 
surface diffusion, 
• chemical reactions at the surface, 
• incorporation into the growing film, 
• diffusion of reaction products from the surface to the bulk of the gas phase 
In Fig I I some of these processes are schematically shown A complete description of 
the process is very complicated since it strongly depends on the precursors involved 
and the pressure and temperature during deposition Usually it turns out that one of the 
sub-processes determines the deposition rate The overall process can then be adequate-
ly described by this rate-limiting process A general approach to get an impression of 
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the processes involved is to study the deposition rate as a function ol the process para­
meters such as the precursor partial pressures the substrate temperature and (he reactor 
pressure The usual way to describe the deposition behaviour is the so called Arrhe-
mus plot ot the deposition rate as a function of the reciprocal temperature see Fig 1 2 
Below, a qualitative description of this plot will be given to illustrate several of the 
aspects involved in the deposition process 
At low temperatures (regime I) the deposition is limited by chemical reactions 
(either in the gas phase or on the substrate) In this so-called kinetically controlled 
regime the deposition rate depends exponentially on the deposition temperature and is 
proportional to the precursor partial pressure The temperature dependence is character­
ized by an activation energy which is typically in the ordei of 10 60 kcal/molc This 
strong temperature dependence requires a veiy accurate control of the substrate temper­
ature over the whole substrate area in order to gel a uniform layer thickness and in case 
ol a multi component layer, a uniform composition On the other hand it might be 
advantageous to work in this regime in the case of deposition on non-planar substrates 
or on wafers with a topography The deposition rale only depends on the substrate tem­
perature and not on e t; the diffusion of species Therefore a conformai step-coverage 
may be obtained Also, as the deposition is kinetically limited it offers the possibility to 
deposit metastable phases ot materials 
When the temperature is raised chemical reactions become faster and the deposi­
tion rate increases At a certain temperature, the deposition rate will no longer be limit­
ed by these reaction rales but by the diffusion of species to the substrate In this case the 
growing film can reach its thermodynamical equilibrium In the diffusion-(or mass-
transport) limited deposition regime (regime II) the deposition can be described by the 
diffusion of a chemical species through the gas phase to the substrate The temperature 
dependence of the deposition rate is determined only by the temperature dependencies 
of the diffusion coefficients The latter only slightly increase with temperature and, 
hence the deposition rate will also depend only slightly on temperature Therefore, it is 
advantageous to deposit layers in this regime since the temperature uniformity over the 
substrate is no longer critical However, if the diffusion length is variable over the sub-
sirate (с ц in the case of deposition in trenches) the deposition rate will also vary 
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At very high temperatures often a decrease of the deposition rale is observed 
regime III in Fig I 2 Such a decrease can be atti ibuted to the occurrence of parasitic 
side reactions Such leactions may, for example cause the lormation of clusters ot mol­
ecules or even particles in the gas phase that do not contribute to the deposition This 
generally results in a decrease of the deposition efficiency 
From an OMCVD point of view, it is clear Irom these considerations that it might be 
advantageous to deposit layers in either regime I or II depending on the desired proper 
ties of the layer For other reasons the deposition temperature may be restricted either 
to some maximum temperature (for example to suppress substrate degradation) or lo a 
minimum temperature (tor example to obtain a sufficiently crystallized film) The tran 
sition ot regime I to II will not only depend on the temperature but also on the reactor 
pressure, gas flow rate precursors reactor design etc 
I 2 2 The OMCVD set-up 
For a standard OMCVD process, no complicated hardware is necessary But, as with 
many other techniques, also OMCVD systems can end-up as rather complicated pieces 
of equipment Basically an OMCVD system consists of three parts, (ι) a gas-mixing 
system (the gas system) connected to (ιι) the reactor cell and (m) a pumping system 
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with gas exhaust 
The main parameters (.ontrolling the composition of the film as well as the deposi 
tion rate are the partial pressures of the precursors in the reactor and the deposition tem­
perature Therefore accurate control of these parameters is important 
Via the gas system, vapours of the precursors are transported from the evaporation 
zone to the reactor cell This is done by directing an inert carrier gas e ц N2 through 
the bubblers containing the precursors The vapour pressure of a precursor, p,(T), is 
determined only by its temperature Τ The amount of transported material then is 
determined by the flow rate of the carrier gas through the bubbler, ФьиЬЫег· d r ,d by the 
total gas-pressure in the bubbler, РьиЬЫег This results in a partial pressure of the pre 
cursor material in the reactor cell, p
rea
cror 1 t r |at can be described by 
ρ _ Ρι( Τ )
 v
'/'bubbler,-ρ 
r
 reactor 1 —
 p
 л
 .
 л r
 reactor ( I ) 
"bubbler Vrcaclor 
In this equation <j>
rLclLlor '
s
 the total gas flow rate through, and Р
геаіЛ
і>г l s l n e t 0 , a ' g a s 
pressure in the reactor So the amount of transported material can be controlled by 
manipulating the bubbler temperature, the bubbler pressure and the flow rale through 
the bubbler With possible errors in monitoring the parameters as well as uncertainties 
in the vapour pressures of the precursors (literature values show considerable spread) 
and unknown pick-up elhciency, the calculation of the partial pressure in the reactor in 
most cases is not exact In practice, an empirical relation between the deposition rate 
and precursor partial pressure (or the experimental parameters determining this pres­
sure) is used After such an empirical relationship has been established, an accurate and 
reproducible process control is obtained 
The gas mixture is ted into a gas-switching manifold With this manifold it can be 
decided whether the gas mixture is switched to run' and enters the reactor cell to form 
the desired film, or is switched to 'vent' and is exhausted contributing m a direct way 
to the environmental pollution (without a gas-scrubbing system) or in an indirect way 
(with the use of a gas-scrubbing system) The most hazardous component in the materi­
als system described in this thesis is the lead precursor (tetraelhyllead) and its decom­
position products Tetraethyllead is also used as an additive in fuel Theretore a rough 
estimation of the contribution to the environmental pollution of a deposition of a lead 
containing film using OMCVD is that it is comparable to the environmental pollution 
caused by a 50 km drive using leaded fuel 
In the case of OMCVD of oxidic materials the hardware usually gets somewhat 
more complicated due to the lact that a number of the available precursors of elements 
of interesting oxidic thin films have a rather low vapour pressure at room temperature 
This implies that the temperature at which these precursors must be evaporated has to 
be raised (typically <i0-150°C) Higher partial pressures of the precursors cannot be 
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simply obtained by raising the temperature of the bubbler only, since in this case the 
precursor material would condense in cooler parts of the system that are in between the 
bubbler and the reactor cell In order to prevent this, all these parts of the gas system 
have to be heated to the same temperature as the bubbler 
The gas mixture, generated in the gas system and containing the vapours of the pre­
cursors in the desired ratio, enters the reactor cell where the actual decomposition and 
deposition takes place Most modem OMCVD systems are operated at reduced reactor 
pressure since this otters several advantages By lowering the reactor pressure, the role 
of heat instabilities due to temperature gradients is reduced Also, since the residence 
time of the gas mixture is reduced at this increased linear gas velocity, homogeneous 
gas phase reactions are suppressed 
1 2 3 Precursors 
In this paragraph precursor compounds for the deposition of oxidic thin films will be 
discussed The nature of the precursor is of major influence on the deposition process 
and therefore on the deposition conditions 
An important characteristic of a precursor is its vapour pressure This vapour pres­
sure increases exponentially with evaporation temperature according to the Clausius-
Clapeyron equation 
dlnp ΔΗ 
— - = (2) 
dT RT K 
In this equation, Τ is the temperature of the precursor, R the gas constant and ΔΗ
ν
 the 
enthalpy of evaporation, respectively Equation 2 is frequently rewritten into Equa­
tion 3 
logp = A - - (1) 
As a rule ot thumb, the vapour pressure increases by a tactor of 2 when the evaporation 
temperature increases by 10°C Of course, the vapour pressure cannot be unhmitedly 
increased A limitation is given by the onset ot decomposition of the compound at a 
given temperature and, obviously, one has to keep the evaporation temperature well 
below this 
Precursors that are most frequently used in (OM)CVD include the halides, alkyls, 
allyls, alkoxides and chelates (in fact, these are not all organometallic compounds For 
reasons of simplicity the term 'organometallic compounds' is merely used here for 
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compounds containing organic hgands and a metal). In the discussion to follow, the 
description of the precursors is restricted to compounds that have been used for the 
deposition ot the ferroelectric oxides. 
Halides can exhibit both extremely low as well as extremely high vapour pressures. 
For example. PbCh is a stable salt with a very low vapour pressure, whereas ТіСЦ is a 
liquid with a high vapour pressure at room temperature. Disadvantages of the halide 
precursors may be the corrosivity of the reaction products (HCl) on hydrolysis and the 
frequently reported incorporation of halogen atoms in the layers, especially at low 
growth temperatures. Additionally, due to the strongly exothermic reaction upon oxida­
tion or hydrolysis, the halides are very prone to homogeneous gas-phase reactions. This 
will cause severe depletion effects and give rise to poor surface morphologies. 
There are only lew alkyls or allyls with high vapour pressures available for those 
metals of interest for ferroelectric thin films. Examples are telraethyllead, tetraphenyl-
lead, tnmethylbismuth and tnphenylbismuth. Especially, telraethyllead and trimethyl-
bismuth have convenient vapour pressures. Both compounds have been applied suc­
cessfully for the growth of oxidic thin films. In contrast to the oxygen containing pre­
cursors to be dealt with next, the formation of oxides from the alkyls or allyls is by oxi­
dation rather than by thermal decomposition. Therefore, the addition of an additional 
oxidant such as oxygen is necessary in order to obtain the oxide. The metal-carbon 
bond implies a risk of carbon incorporation into the solid. However, both for the lead 
and the bismuth precursors no such carbon contamination has been reported. On the 
olhei hand, it was found for the deposition of ZrOi from Zr(C<;H<j)2(OC2H<i)2 that the 
films were heavily contaminated with carbon.24 A similar effect has been observed for 
the growth of ZrCh Irom the relatively unstable compound ZrCCH^QCHih^ by plas­
ma-enhanced OMCVD.-10 Under similar conditions, almost carbon-tree ZrCb layers 
could be obtained when using Zr(CsH
s
)2(CH^)2 at temperatures as low as 100°C.10 
Also tor the metal alkoxides, compounds with a very low as well as compounds 
with a very high vapour pressure are known (see с ¡> Ret' 31). The volatility of the 
alkoxides depends on their degree of oligomerizalion. If two or more alkoxides cluster 
together, the vapour pressure will decrease due to the increased molecular weight of the 
cluster. This tendency of clustering is correlated to the incomplete co-ordination of the 
central metal atom by the hgands and to the positive charge present on the metal which 
easily attacks negatively charged hgands of neighbouring alkoxides. 
Clustering of the alkoxides is suppressed by introducing bulky hgands causing 
stenc hindrance around the metal atom. In this way the positive charge located on the 
central metal atom is shielded from the negative charge located on oxygen atoms in the 
hgands. This causes the phenomenon that alkoxides with larger molecular weights, 
which in general causes the vapour pressure to decrease, can have higher vapour pres-
sures then the smaller alkoxides. For example, for telravalent metal alkoxides the 
volatility increases going from the methoxides to the ethoxides and propoxides. If the 
ligand becomes too large, the volatility decreases again due to the increased molecular 
weight of the alkoxide. Additionally, the branching of the alkoxide has a dramatic 
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Table 1.2. Examples of с helate precnrsoi s 
formula 
oco-hCHCCbhO 
о с а с н т с н с п о ц п о 
ОССНіСИССГчО 
ОССГіСІІССГ^О 
ОСС(СИ i).4CHCC(CF2CF2CF.4)ü 
name 
acet\ lacclonauXdí. JL ) 
teiramelhs Ihepladumalo (lind, or ihd) υι 
dipivaluUmelhadianalo (dpni) 
tnfluoioncelyl.iccionalo(lla) 
ticxaïluoroacctylacctonato (nia) 
heptatluoiodimethylouadionato (lod) 
effect on the volatility. For /irconium it increases going Irom //-buloxide via /-butoxide 
to /-butoxide which is a monomenc liquid with a vapour pressure ot -0.1 mbar at 50°C. 
This effect, again, is due to stenc hindrance by the ligands prohibiting the clustering by 
neighbouring compounds. Oxides can be formed from the alkoxide compounds by sim-
ple decomposition. In contrast with the alkyl and ally I compounds no additional oxidiz-
ing species is necessary. The main problem in handling the metal alkoxides is their ease 
of hydrolysis by even very small amounts of water or alcohols and stringent precau-
tions are required to prevent this deterioration of the precursor. 
The chelates (or ß-diketonates) are frequently used as precursors for the deposition 
of thin iilms, especially ot high-Tc superconductors and ferroelectrics. In Table 1.2 
some chelate ligands are listed. The chelate precursors are stable up to ~200°C, non-
hygroscopic and they are not pyrophoric. The toxicity of these compounds is generally 
much less than that of alkyls. Similar to the alkoxides, the volatilities depend strongly 
on the ability ot the ligands to prevent the metal atoms from increasing their co-ordina-
tion number by forming intermolecular bonds. Also, these ligands shield off the posi-
tive charge on the central metal atom. Particularly, fluonnated groups are found to be 
effective to increase the vapour pressure. For instance the volatilities of the Zr—diket-
onates are Zr(hfa)4>Zr(tta)4>Zr(thd)4HZr(acac)4.^- This effect is attributed to an in-
creased concentration of negative charge on the ligands, thus providing an effective 
shielding of the positive nuclei. The deposition of oxidic thin films from chelates is by 
thermal decomposition and, theoretically, no oxidant is needed.-11 In the ß-diketonates. 
the ligands form six membered rings with the central metal atom with two resonant 
structures. Due to this keto-enol tautomenzation, these ß-diketonates show aromatic 
character through the resonance ot the π-electrons and strongly absorb light at wave­
lengths exceeding 250 nm. Hence, these precursors are suitable for use in photo-
enhanced O M C V D . ^ 
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1.3. OMCVD of lead zirconate titanate: a literature survey 
The onset of CVD of PbTiO^ thin films was undoubtedly marked by the work of Naka-
gawa et al They described the use of chlorides as precursor materials m a 1982 pa 
per 1¡> In a paper from the same research group by Kojima et al 36 the synthesis of 
PbTiO} thin films using PbO and Ti(OC4H9)4 (it was not specified which isomer was 
used) as precursors has been described The use of Pb(C2H<;)4 as precursor for lead is 
suggested but for safety reasons this organometallic was not applied then In a 1988 
paper by Okada et al17 the deposition of РЬТіО^ using РЬ(СіН<;)4 and Ті(ЮС^Н7)4 
has been described An OMCVD system operated at atmospheric pressure was used 
The depositions ol both PbO and T1O2 have been examined The deposition rate of 
ΤιΟτ was found to be independent and, obviously, that of the PbO to be dependent of 
the oxygen partial pressure The deposition rate ol PbO saturated it the oxygen partial 
pressure exceeded a certain critical value The deposition rates of both PbO and T1O2 
first increased with substrate temperature, indicative ol a kinetically controlled process 
es, and then showed a decrease This decrease in deposition rate was attributed to para 
sitie gas-phase reactions Deposition of stoichiometric PbTiO^ has been achieved by 
matching the deposition rates of PbO and T1O2 Single-phase perovskite-type PbTiO^ 
has been obtained on (001 )Si, A^O^ and (OOl)MgO The deposition temperature was 
between "500 and 600°C The films on (OOl)MgO showed a strong c-axis preferential 
orientation despite the relatively large lattice mismatch between the MgO and PbTiO^ 
The Pb/Ti-ratio was lound to be unity within 10% accuracy Dielectric constants of the 
films were around 100-120 and the values for the loss factor, tan6, were between 0 008-
0 012 A number of papers on this subject has been published by this group 1if-44An 
alternative route for (OM)CVD of PbTiO^ describing the use of metallic lead and 
Ti(OC2H<i)4 has been published by Yoon et al in 1988 4 S 
The first paper describing the use of low pressure in OMCVD of РЬТЮ^ was by 
Kwak et al46 using the same precursors as Okada et al17 A remarkable difference with 
the results reported by Okada was that no additional oxygen was necessary to obtain 
PbTiO} Kwak et al concluded that the required oxygen originates from the 
Τι(Ό^Η7>4 This conclusion is not supported by data that have been published by oth­
ers, including the results described in this thesis The use of low pressure OMCVD was 
also described in 1989 by Swartz et al47, Bnerley et al4K and Okada et alλ9 
The first paper on the OMCVD of PbZr,Ti) ,0^ using low-pressure deposition 
conditions was by Okada et al4I In combination with Pb(C2H5)4 and Ті('ОСзН7)4 the 
use of two different precursors for the zirconium was evaluated Zr('OC^H7)4 and a 
chelate precursor, Zr(dpm)4 With both precursors, deposition of single-phase per-
ovskite type PbZr
v
Ti| fì-\ has been obtained Using the Zr(dpm)4 a higher preferential 
orientation on (OOl)MgO has been obtained In comparison with the deposition of 
PbTiOi the surface topography was somewhat smoother This has been tentatively 
attributed to a lowering of the strain with increasing ZrÜ2 content A high zirconium 
content resulted in a denser film 
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The preparation ot lanthanum substituted PbTiO^ using OMCVD was reported for 
the first time by Tominaga et al40 In their paper the synthesis of Pb| i
v
/2La
v
TiO^ thin 
films has been described using the precursors P b i O H ^ Ti('OC-(H7)4 and La(dpm)^ 
The deposition of the single oxides has been studied comparable to the work of Okada 
It has been found that the formation of LaiO^ involved oxidation ot the La(dpm)^ com­
parable to PbO formation from Pb(C2Hs)4 The deposition rate of I ^ O ^ levelled off at 
about 20% oxygen in the gas phase Decomposition of the La(dpm)^ started at approxi­
mately 500°C This is a rather high temperature in comparison with РЬ(СіН^)4 (400°C) 
and Ті(ЮС^Н7)4 (2^0°С ) illustrating the relative stability of this precursor When the 
deposition rates ot the individual components were matched single phase perovskite 
type Pbj ^^La.TiO^ thin films could be obtained Films of Pb| ^^LayTiOi on 
(OOl)MgO substrates have been obtained with Pb/La-ratios up to 84/17 at a deposition 
temperature ot 6()0°C The films had a high preferential orientation with the с axis per 
pendicular to the (OOl)MgO substrate surface The dielectric constants that have been 
measured on films deposited onto platinum coated (OOl)MgO were in the range of 800-
2700 This is in agreement with values for bulk data 
Pb] ^y/TLajZ^Ti]
 x
O-\ films deposited by OMCVD have been first reported by 
Okada et al in 1992 using the precursors Pb(C2H5)t, La(dpm)i, Zr(dpm)4 and 
Ті(ЮСіН7)4 43 Single phase perovskite-type Pbj ^y^LajZrjTii ,Ο^ has been deposited 
on (001 )MgO, Pt/(001)MgO and Pt/Si02/Si by matching the deposition rates of the sin­
gle oxides The film properties have been examined as a function of the lanthanum con­
tent for Zr/(Zr+Ti)<0 5 The values for the dielectric permittivity depend on the 
Zr/(Zr+Ti) and increased with increasing La content up to about 5 mole% The growth 
of epitaxial Pb| i^LayZ^Ti]
 (Оз films on (OOl)MgO substrates has been reported by 
Funakubo et al49 
It has been demonstrated by Kashihara et al that with OMCVD very good step 
coverage can be obtained 5 0 This indicates that OMCVD is suitable for deposition on 
already structured wafers The formation of PbZr
v
Tij
 kO^ thin films over 150 mm 
waters has been reported in the same paper An inverted vertical reactor geometry was 
used with the gasses entering at the bottom of the reactor impinging directly on the 
water An alternative lead precursor has been studied, Pb(dpm>2 which was evaporated 
at 135°C, in combination with Zr('OC4H9)4 and Τ ι (Ό^Η 7 )4 Additional O2 was used 
in this process Polycrystalline PbZrjTii ,Ο^ films have been obtained on (111 plat­
inum coated silicon wafers at 600-700°C Their PbZrkTi[ tO^ films seem to be not stoi­
chiometric howevet 
Most authors report deposition temperatures in the range of 600-700°C For future 
devices it is desirable to lower the deposition temperatures as much as possible in order 
not to damage underlying structures A way to decrease the deposition temperature is to 
make use of additional external energy sources like plasmas or photons A second point 
of interest is that the use of external energy sources is expected to have a positive influ­
ence on crystal quality and, therefore, on the ferroelectric properties of the tilm As tar 
as the OMCVD of PbZr,Ti[
 (Oi is concerned, a few papers have appeared in the litera-
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ture describing the use of such externa] power sources. 
The photo-enhanced deposition of PbTiO^ has been reported using the precursors 
P b ( C 2 H ^ 4 . TiCOCiHyU and Cb. in combination with a Xe-Hg lamp of 500 Watt s | - ^ 
For the deposition rate of PbTiO^. a den ease in deposition rale has been observed 
when photons were used. PbTiOi with a ( 111 ) preferential orientation could be deposit­
ed on AI2O3 only with the photo-irradiation at 60()°C. Using this photo-enhancement, 
an improved crystalhnity has been achieved and the deposition temperature ol PbTiOi 
could be lowered to 530°C. When the Сь was replaced by Ihe more reactive NOi. 
improvements of the dielectric properties of the photo-irradiated PbTiOi films deposit­
ed at temperatures as low as 550°C have been reported. s-
The use of a 13.56 MHz RF-plasma in the OMCVD of PbZr,Ti|_ (Oi has been re­
ported.''4 - ^ The precursors used were P b ( C 2 H s ) 4 . Zr( 'OC 4 H 4 ) 4 . Ti( 'OC 4 H 9 ) 4 . and Cb. 
Films have been deposited at substrate temperatures as low as 425-500°C. At a relative­
ly high pressure ol 0.3 Torr and low RF-power. the pyrochlore type P b Z r
v
T i | . , 0 ^ 
formed. Increase of the RF-power and lowering of the reactor pressure to 0.16 Torr 
have yielded up to 92% of the perovskite-type PbZrjTii^Oi in the thin films deposited 
on a platinized substrate. Typical deposition rates of 0.5-0.6 μιη/hr have been obtained, 
which were in the same range as for thermal OMCVD 
In summary, the growth of PbTiO^, PbZr
x
Ti]_,Oi and Pbj ij/iLiiyZr/I'ii
 v
Oi using 
organometallic chemical vapour deposition is a topic in the literature since 1988. The 
main effort seems to be concentrating on the deposition of films with the correct sloi-
chiometry. 
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2. Experimental 
The depositions described in this thesis were performed using two set ups The first 
set-up is a small-scale reactor which has been used for the experiments which are 
described mainly in the first part of this thesis This apparatus has been previously used 
lor the growth of III-V materials In the text this reactor will be denoted by 'the small-
scale reactor' 
1 he second set up is a commercially available OMCVD system built by Aixtron 
Germany Aixtron is a well-know manufacturer of III-V OMCVD equipment and good 
results in this field have been obtained using these machines The system that was used 
for the depositions described in the Chapters 11 and 12 of this thesis was the first appa­
ratus that Aixtron built for the deposition ol oxides 
2.1. The small-scale reactor 
In Fig 2 I a schematic of this apparatus is given This set-up is equipped with four bub­
bler positions (in Fig 2 I only two are drawn) The vertical quartz reactor has an inner 
diameter of 53 mm It contains an inductively heated silicon susceptor oriented perpen­
dicular to the gas flow The top plate of the susceptor consists of a removable silicon 
plate This plate can be easily cleaned or exchanged and this ensures a clean and repro­
ducible thermal contact between the substrates and the susceptor even after numerous 
growth runs The susceptor is rotated at -50 rpm to improve layer homogeneity and its 
temperature is measured with a thermocouple inside the susceptor This thermocouple 
is calibrated against the substrate temperature measuied with a dual wavelength pyrom­
eter A conventional oil pump, using a chemically inert- and low vapour pressure 
Fombhn oil enables low pressure operation of the system All the flow rates are regu­
lated by calibrated Tylan mass-flow controllers In this set-up the mass-flow controllers 
are upstream of the bubblers implying that also the bubblers are operated at low pres­
sure The reactor pressure as well as the pressure in each of the bubblers is monitored 
using Baratron pressure gauges All four bubblers are thermostated using electronically 
controlled oil baths with an accuracy of 0 1°C Under standard conditions there was no 
need to heat the transport lines in this system since all the precursors were evaporated 
at or below room temperature In special cases when heating proved to be necessary, 
this was done by wrapping-up the lines with electrical heater tapes 
The precursors used in this set up for the growth of PbTiO-) were 
tetra/sopropoxidetitanium, Ті('ОСзН7)4 (standard chemical quality, 99 9%), and 
tetraethyllcad, Pb(C2H5)4 (Bilhton. 99 999%) For the deposition of PbZrxTi, x O v in 
addition to the mentioned precursors, tetra/t'//;<:/nbuloxidezirconium, Zr('OC4H9)4 
(Billiton, 99 9999r) was used In this set-up no special attention was given to the purity 
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/· /# 2.1. Sc heniutu of the OMCVD system (small scale ι eactor) 
of the precursors. Diied СЬ (hydrosorb) and Ντ (gettenng furnace) were used as the 
oxygen source and carrier gas, respectively. 
Under standard operating conditions the partial pressures of the precursors were 
varied only by changing the flow rates of carrier gas through the bubblers. The reactor 
pressure and total flow rate were kept constant at 13 Torr and 0.5 standard litres per 
minute (SLM), respectively. The pressures in the bubblers are only slightly higher than 
the reactor pressure and are dependent on the flow rates. They are measured directly 
behind the bubblers (see Fig.2.1). The oxygen partial pressure was varied by changing 
its flow rate while maintaining the total flow rate constant. 
In this set-up the substrates were used as such, i.e. no cleaning procedure was 
applied. Alter they have been placed on the susceplor, the system is pumped to the 
operating pressure. Then the susceptor is brought to the growth temperature in approxi­
mately lilteen minutes and allowed to stabilize in an oxygen atmosphere for another fif­
teen minutes. Five minutes before the growth is started the bubbler valves are opened 
and are allowed to stabilize at the programmed flow rate while switched to the exhaust 
('vent'). The growth is started by switching the gasses containing the precursor vapours 
from vent to the reactor ('run'). The growth time typically is 30 minutes. Depositions 
were ended by switching the precursors to vent and by switching off the heater. The 
substrates cooled in oxygen at reduced reactor pressure in approximately 30 minutes. 
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2.2. The Aixtron reactor 
A special feature of this system is that the gas lines and components for each particular 
precursor are heated to the desired temperature by making use of oil which is also used 
to heat the bubbler in its thermostat-bath This is done by making use ot coaxial tubing 
the inner tube is used tor transport ot the earner gas containing the precursor Through 
the outer tube flows the hot oil heating the inner tube Unitorm heating ot transport 
lines in this set-up is relatively easily accomplished and it excludes the occurrence of 
hot-spots where the precursor might, prematurely, decompose (hot-spots occur easily 
when the heating is by electrical heater tapes) It is harder to heat components like 
valves In practice this is done by mounting the components on metal blocks that arc-
heated by the same oil that Hows through the lines It is difficult, however, to maintain 
the components at the desned tempeiature The thermal isolation ot the gas-system is 
crucial It turned out that, at some points in the gas system, additional heating using 
heater tapes was necessary 
The set-up is equipped with a single water horizontal rectangular reactor cell con 
taming a rotating silicon carbide coaled graphite susceptor supporting up to a 15 cm 
diameter water This rectangular reactor cell is enclosed in a cylindrical tube in order to 
be able to operate the system at reduced pressure This outer cylindrical tube is continu 
ously purged with a flow of inert gas Heating of the susceptor is by IR lamps The 
reactor cell is designed for use at pressures below 20 mbar and this pressure is obtained 
using an oil pump in combination with a mechanical booster In Fig 2 2a schematic of 
the reactor cell and the heating system of the gas lines is presented The system is 
equipped with six bubbler positions 
In order to ensure a clean wafer handling and to prevent contamination of the reac 
tor cell with e g moisture, the reactor outlet is placed in a glove-box Wafers are trans-
pressure control 
gas inlet 
Ψ 
oil in 
Thermostate 
bath 
susceptor wafer rotor 
xhaust 
purge gas 
inner rectangular 
tube 
Fig 2 2 Schematic of the OMCXD set up used in the Chapteis 11 and 12 (An­
noti leactoi ) The heating oj the lines using oil flowing tluough the 
outei tube of the coaxial tubimi is shown 
26 СІшриі 2 
ported in- and out of the reactor cell by means ot a manuali) operated transport system 
The system is completely computer contiolled enabling a reproducible run to run opcr 
ation 
Wafers are loaded into the OMCVD deposition chamber without any pre-treatmcnt 
The system was pumped down to 6 mbar and this pressure was maintained during the 
run A total gas flow of 3 SLM consisting ot I SLM oxygen and 2 SLM purified inert 
gas was used In approximately 15 minutes the susceptor was ramped up to the desned 
temperature and the system was allowed to stabih/e Five minutes before the deposition 
was started the bubblers containing the precursors were opened and switched to a vent 
line The carrier gas flows through the bubblers and the pressures of the bubblers were 
set to the desired value For all elements commercially available precursors were used 
(Billiton Precursors, 99 999%), telraethyllead tctra/ci tiai \butoxidetitamum and 
letra/i'/r/tf/\butoxidezirconium The precursor partial pressures in the reactor cell are 
controlled by manipulating the pressure and temperatures ot the bubblers as well as the 
carrier gas flow-rates Bubbler temperatures were in the range of 40-90°C and bubblei 
pressures were regulated between 100 λ00 mbar Depositions were started by switching 
the precursors from vent to the reactor cell The deposition time was typically 30 min­
utes and in this period a film thickness ot 0 2 0 4 μητ was obtained Switching the pre 
cursors back to the vent line ends the deposition The heater is switched oft and the sus 
ceptor cools down to room temperature in about one hour At room temperature the 
oxygen is switched off and the water is taken out ol the reactor cell 
2.3. Choice of substrates 
Single crystalline PbTiO^ substrates of a useful area are not (commercially) available so 
other substrate materials have to be chosen An ideal substrate tor the heteroepilaxial 
growth of PbTiOi would have the same lattice constants and the same thermal expan­
sion coefficient as the РЬТЮз film The chemical inertness ot the substrate material at 
the growth temperature is another point ot concern In Table 2 1 some useful substrates 
Table 2 1 Examples of o\ulu stilisti ate matei /als suitable foi 
the heteioepita\ial çwwtli of lead titanate 
Material 
SrTiCh 
MgO 
LaAlCh 
MgAh04 
Lattice parameters 
|A] 
3 904 
4 2(X) 
1792 
8 080 
thermal expansion 
coefficient [10 bP C] 
11 
13 
11 
83 
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are listed These substrates are commercially available and have been used lor the 
growth ol oxidic materials including ferroelectric hlms 
SrTiOi has an excellent chemical and structural match to the perovskite type 
PbTiO} (a b axes of λ 899 and с -axis length ot 4 1 52 A) Strontium titanate allows epi­
taxial growth of lead manate since its crystal axes are nearly lattice matched to the a b 
axes ol lead titanale This good match will favour the growth ol (OOl)PbTiO^ on 
(OOl)SrTiOi with the longer < axis ol PbTiOi directed perpendicular to the substrate 
surface Moreover the linear thermal expansions ot the a axes ol PbTiOi are compara­
ble to those of SrTiOi between room temperature and 700°C The mismatch between 
the a b axes of the PbTiO^ and those of the SrTiCh is about 0 97r at 7()()°C and +0 2lÁ 
at room temperature 
Strontium titanate is chemically inerì toward lead titanate below approximately 
8()0°C For these reasons this material was chosen to be (he most suitable substrate to 
study the organometallic chemical vapour deposition of lead titanate The SrTiO^ sub 
strates used in this study were obtained by the in house sawing ot a large single crystal 
The waters had a thickness of 1 mm and a diameter ol (average) 25 mm One side of 
the water a mirror smooth surface was obtained by a chemical and mechanical Syton 
polish The wafers as a rule were cleaved in two parts 
The main disadvantage of SrTiOi as substrate material (as well as ot the other sub-
strate materials of Table 2 1) is its high electrical resistivity which makes it impossible 
to characterize the ferroelectric properties ol the films grown on this substrate 
Only a lew reports on the OMCVD growth of PbTiO^ on single crystalline SrTiOi 
have appeared in the literature In these papers epitaxial or PbTiO^ films with a strong 
preterential orientation are described 
The substrates used for the experiments described in the second part of this thesis 
were oxidized silicon wafers of 100 and 150 mm diameter provided with a platinum 
electrode ' Sputtering is used to deposit 70 nm of platinum A 5 nm thick titanium 
adhesion layer is sputtered before the platinum This stack ot layers is referred to as the 
standard bottom electrode 
2.4. Reference 
1 G AC M Spienngs J B A van Zon PK Larsen and M Klee Ferroelecincs 3, 284 
(1991) 
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Parti 
Growth of heteroepîtaxial lead titanate 
and lead zirconate titanate. 
The heleroepitaxial growth о I PbTiO^ and PbZr
x
Ti)
 x
O^ on, mainly, (OOl)SrTiO^ is 
described The observed relation between growth parameters and the composition of 
the films results in the formulation of a growth model Attention is paid to the 
microstructure of the heleroepitaxial films the occuirence of twinning and the influ 
enee of crystallite sizes on the lattice constants of РЬТЮ^ Ferroelectric properties of a 
heteroepîtaxial PbZrxTi| xOi film are presented 
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3. Heteroepitaxial growth of lead titanate on 
(OOl)strontium titanate 
Abstract 
In this thaptei the hetei oepitaual yumth of PbTiOi on (001 )SiTiOi b\ oiqanometallit 
themttal \арош deposition iisinv, the pienti soi \ letiaisopiopoxideiitanium und 
leti aetlnllead η destiibed The yumth tempei atui e of these films is mound 700°C The 
ерпамаі nal nie of the PbTiOi films is confumed b\ Rutheifoid backst аиеппц spei 
tiomctn X-ia\ diffidinoli including pole fiqui e anahsis and high-iesolution eletti on 
тн ι osi op\ (HREM) With HREM /и inning has been obsei \ ed 
3.1. Introduction 
The incentive to grow highly oriented or single crystalline ferroelectric thin films stems 
from the fact that such tilms are expected to have many technological applications in 
the near future ' Lead titanate, PbTiO^, is an appropriate ferroelectric because ot its rel 
atively small dielectric constant, large spontaneous polarisation, small coercive field 
and high Curie temperature of about 500°C 2 
The tendency to integrate silicon ICs with oxide dielectrics creates the need for a 
technique capable of growing high-quality oxide thin films on large-area pre-processed 
Si-wafers Among these techniques sputtering is the most widely used 3 However, this 
technique might cause damage to the substrate surface, step coverage is hard to achieve 
and good control of film stoichiometry remains difficult 4 Recently, organometallic 
chemical vapour deposition (OMCVD) has been reported to yield good results in the 
deposition ot РЬТЮз thin films s g In this chapter we report on the preparation of epi 
taxial (001 )PbTiO^ films on (001 )SrTiCh substrates by OMCVD at low pressure 
3.2. Experimental 
Depositions were performed in the small scale reactor and using the procedure as 
described in Section 2 1 In short the precursors used tor the growth of РЬТЮч were 
tetra;sopropoxidetitanium, Ti('OCiH7)4 ((TIP) standard chemical quality, 99 9%) and 
tetraethyllead, Pb(C2H s)4 ((TEL) Billiton, 99 999%) The growth conditions are given 
in Table 3 1 The reactor pressure and total flow rate were kept constant at 13 Torr and 
0 'S standard litres per minute (SLM) respectively Dried СЬ (120 seem) and Ντ 
(380 seem) were used as the oxygen source and carrier gas. respectively The Ni carrier 
32 С hupler 3 
Table 3.1. Summary of the growth conditions. 
substrate 
susceptor temperature 
reactor pressure 
carrier gas 
Τχιρ 
TTEL 
bubbler pressures 
TIP partial pressure 
TEL partial pressure 
oxygen partial pressure 
(001)SrTiO3 
-700°С 
13 Torr 
0.5 SLM 
33.0° С 
16.0° с 
22.0 Torr 
8.0 mTorr 
8.0 mTorr 
3.1 Torr 
gas was chosen since it is chemically inert and relatively inexpensive. Syton polished 
(001)SrTiC>3 substrates of about 1 cm2 were used as such. They were brought to the 
growth temperature in approximately 15 minutes and were allowed to stabilize in an 
oxygen atmosphere for another 15 minutes before the deposition was started. The 
growth time was 30 minutes giving a film thickness of about 1000 Â. Depositions were 
ended by switching the precursors to vent and by switching off the heater. The samples 
cooled in oxygen at reduced reactor pressure in approximately 30 minutes. A cooling of 
the samples under a partial pressure of the lead precursor resulted in the presence of 
lead oxide. 
Fig.3.1. Nomarski optical micrograph (200.x) of a PbTiOj film on 
(OOl)SrTiOj. The surface morphology shows an otherwise flat sur-
face traversed by a pattern of perpendicular lines. These lines 
probably are due to twinning of the film. 
Hen ι otptta\ial ?Í O» ili oj lead manan on (Olii )w оіііішп iiianan 33 
3.3. Results 
Mirror smooth, transparent РЬТіСц films were obtained at around 700°C Fig 3 I 
shows a Nomarski optical micrograph of a typical surlace morphology An otherwise 
flat surface structure, traversed by a pattern of perpendicular lines is observed This pat­
tern tentatively is attributed to an а с twinning ot the PbTiOj tilm It cannot be exclud­
ed that the observed pattern is due to the presence of misfit dislocations 
3 3 1 Composition of the films 
The composition of the films was investigated with Auger Electron Spectroscopy 
(AES) and Rutherford Backscallenng Spectrometry (RBS) 
The AES analysis after removal ot a thin surface layer by argon sputtering revealed 
no elements other than lead titanium and oxygen, see Fig 3 2 Carbon, which might be 
incorporated in the film due to incomplete decomposition ot the precursors, was below 
the detection limit (=1 atom Vc). see the arrow in Fig 3 2 In Fig 3 3 the random RBS 
spectrum, using 2 MeV He+ ions, is given The lead, titanium and oxygen backscatter 
signals occur at their expected surface positions, as is indicated in the figure The stron­
tium backscatter signal originates trom the substrate The RBS spectrum ol Fig 3 3 
could be simulated by assuming a 1200 Â thick stoichiometric PbTiOj film on a 
SrTiO-j substrate The very close match between the simulated and measured RBS 
spectrum excludes a large deviation from stoichiometry The estimated error in the oxy-
gen content is ±5% 
_ 
с 
^ : v * 
-^Jl^J ìli 
Τι 
l i l i 
f 
ι ι ι 
Kinetic energy leVl ^-
Fig 3 2 Лице? spec ti um of a PbTiO < film qi own on (001 )Si ТЮ ? at 700°C 
A thin suijaie la\e> was iemo\ed u\uu> ai цоп sputici inç pi ιοί to 
lecoidmg this spectiitm The '¡pec ti urn shows signals that can be 
assigned to lead, titanium and охуцеп Caibon which might be pie-
sent due to an ine omplete dec omposition of the οι monometallic pi e-
c m soi s, /s not detec ted (detec lion limit is ~l atom Vc) 
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Fig 3 3 Riitlierfoi cl hac kscattei nig spectrum of a PhTiOi thin film on 
(001 ìSrTiOì The lead, titanium. o\\s>en and stiontium signals 
appeal at then expected positions The random spetti urn could he 
simulated assuming a 1200 A thick PhTiOj film. The channelled 
spec ti urn is also shown, a (001) channelling minimum \ield. χ„„„. 
of~3c/c was measuied 
3.3 2. Heteroepitaxy 
The heteroepitaxial nature of the films was investigated using RBS channelling experi­
ments. X-ray diffraction (XRD), including pole figure analysis, and High-Resolution 
Electron Microscopy (HREM) measurements. Typically, single crystals or perlecily 
matched epitaxial thin films exhibit a RBS channelling minimum yield, χ,11Μ1, of 2-3%. 
The minimum backscatter yield in the [001] direction was measured using ihe lead sig­
nal and was typically in the range of 3-20%. The lowest value that was obtained for a 
series of PbTiO^ films on this substrate was 3%, see Fig.3.3. The higher values lor χ
ι η ι η 
suggest a misalignment with the substrate or imperfection in the films. In Chapter 6 the 
relation between the observed minimum yield and the structure of the him will be dis­
cussed in more detail 
XRD measurements, using CuAO: radiation, show a perfectly (-axis oriented 
РЬТіСц film. As shown in the - 2 scan of Fig.3 4 only (00/) reflections of РЬТіСц 
and SrTiCh are observed. Diffraction peaks due to РЬТЮ^ in different orientations or 
due to other phases have not been detected. The с-axis lattice constant for these РЬТіСц 
films obtained from five (00/) reflections was 4.126 (±0.001) Л. The difference with 
the с-axis lattice constant reported for large grained РЬТЮз (4.152 A) is significant2 
and may indicate that the РЬТіСц films are under tensile strain. 
The alignment ot the in-plane lattice vectors of the РЬТіОз film with those ol the 
SrTiO^ substrate was determined by recording the pole figure of the sample with a 
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Fig.3.4 X-ray diffraction pattern of a (001 jPbTiOj thin film on 
((H)I )SrTiO j . No other phases or orientations are observed 
fixed 2Θ value of 77.4°. This was done by measuring the intensity distribution of the re­
flected X-rays while rotating the sample simultaneously around the surface normal, Φ. 
and the tilt axis, Ψ, perpendicular to this surface normal. At this 2Θ angle of 77.4°, both 
the reflections of the (113) planes of the РЬТіОз film, with a measured spacing of 
1.232 Ä (2 is 77.4°), and the reflections of the SrTiO, substrate (103) planes, with a 
nearly identical spacing of 1.235 Α (2 is 77.2°) contribute to the intensity distribution. 
A Wulff's-type projection of this pole figure is given in Fig.3.5. Contributions of the 
(1 13) reflections of the РЬТіОз layer are indicated in this figure with 'A'. A fourfold 
Fig 3.5. Pole figure of a 
PbTiOjfilm on (OOI)SrTiOj with a 
fixed 2 value of 77.4°. The intensi­
ties indicated with 'A' are (113) 
reflections of the PbTiOj film. The 
peaks indicated with 'B' are (103) 
reflections of the substrate. The 'A' 
and 'B' peaks appear at the correct 
position as is expected in the 
Wulffs projection for a PbTiOj 
film with the a axes aligned with the 
¡100] and [010] directions of the 
SrTiOi substrate 
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symmetry is observed, as is expected for a tetragonal lattice. The (103) reflections of 
the БгТіОз, also with fourfold symmetry, are indicated with 'B'. In this Wulffs projec­
tion they appear at the expected position with respect to the position of the (113) reflec­
tions of the РЬТіОз film. From this it is concluded that the in-plane lattice vectors of 
the РЬТіОз layer are epitaxially aligned with those of the SrTiO^ substrate. 
3.3.3. High resolution electron microscopy 
In order to investigate the interface quality as well as to reveal the cause of the some­
what high minimum RBS [001] channelling yields that were sometimes observed (see 
later), the films were examined by HREM. 
HREM was performed with a Philips CM30ST operating at 300 kV. Specimen 
preparation for obtaining cross-section thin foils was done on sandwiched material by 
dimpling (to 30 μιη) and ion milling. Electron micrographs are shown in Figs.3.6 and 
3.7. Fig.3.6 shows a typical interface between the SrTiO^ substrate and the РЬТІОз film 
in detail. The continuation of the atomic rows in the [001] direction going from the 
SrTiC>3 substrate into the РЬТіОз film is clearly observed. The tetragonal structure of 
the РЬТіОз film is evident as well; the angle between the [101] direction and the sur­
face normal in the РЬТіОз film is measured to be 46.8°. This is close to the 46.6° calcu­
lated for а с axis of 4.126 A and an a axis of 3.904 Á. Furthermore, the interface is 
almost atomically sharp. In Fig.3.7 a micrograph at lower magnification is shown. This 
picture shows repeating areas in the РЬТіОз film having a different orientation with 
respect to the БгТіОз substrate. HREM shows that these areas are α-axis oriented 
regions which have a (101) twin plane in common with the matrix. This implies that the 
α-axis oriented regions occur in four directions. 
As mentioned, a more detailed study into the occurrence of the α-axis oriented 
Fig.3.6. High-resolution electron microgi aph of the SrTiOj/PbTiOj inter­
face. The [001] direction is as indicated. 
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Fig.3.7. High-resolution electron micrograph of a PbTiOj thin film on a 
SrTiOj substrate. Twinning is observed: the small areas making an 
angle of about 45° with the substrate interface consist ofa-axis ori­
ented PbTiOj. The α-axis areas share the {101} plane with the c-
axis matrix. 
regions will be presented in Chapter 6. In short, the phenomenon may be explained as 
follows. At the growth temperature of 700°C the a axis of the БгТіОз is calculated to be 
about 3.93 Â. At this temperature the mismatch between the substrate, and the cubic 
РЬТіОз with an estimated a axis of 3.97 A, is about 1%. Therefore, some misfit dislo­
cations are expected to form. HREM indeed showed the presence of such dislocations 
at the interface (not shown here). Upon cooling, tensile strain develops in the РЬТіОз 
films since the decrease of the a axis is larger in the РЬТЮз film than in the substrate. 
The phase transition from cubic to tetragonal РЬТіОз at ~500°C allows relaxation of 
the tensile strain by partially orienting the longer с axis along the in plane lattice vec­
tors of the SrTiC<3 This results in the formation of α-axis oriented РЬТіОз despite the 
larger mismatch of this orientation at room temperature with the substrate as compared 
to oaxis oriented РЬТіОз. In the HREM micrographs this is seen as a (partial) twinning 
of the film. Upon further cooling to room temperature again tensile stress may develop 
in the film. 
3.4. Summary 
In this chapter the growth of РЬТіОз films on (001)SrTiC>3 is described. Epitaxial films 
are formed which can show a RBS minimum yield of 3%. The films tend to twin, prob­
ably as a result of a strain relief mechanism. This will be dealt with in more detail in 
Chapter 6. 
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4. Kinetics of the growth of lead titanate on (OOl)strontium 
titanate 
Abstract 
//; the pie\ions ( liapici the цю\\ l/i of lutei oepitcmal PliTiO, on (001 )SiTiO< has been 
desc ι ihed In the pi osent ι haptei the 41 <m th pi ex ess и /// be desc 11 bed in moi e detail 
The Lutein s of the qiouth pi oc ess of PhTiO< on (001 )SITIO¡ lien e been studied as a 
fune tum of the substiate tempeiatui с and the pcutial pi essuies of PMCTHSIJ (TEL) 
Tif'OC ¡НуЦ (TIP) and o\\ ¡>en /\t tempei atines of 700 С and luçhei the с omposition of 
the leneis coilesponds to stoiehiometiu PbliO-, laiqeh independent <>j the deposition 
tempei aliti e o\\ qen pai tuil pi essiti e and ι atto oj 1EL and IIP pai tuil pi es sui e This 
almost independence of í>io\\th (auditions can be explained h\ a mechanism in\ol\ini> 
the competition between the desoiption of PbO and a fast foimatum of PbTiO¡ b\ the 
leadum of PbO with ΤιΟι At 700°C the yiowth iute oj PbTiOf is piopoitional to the 
TIP pai liai pi essiti e but dec ι eases with nie ι easing TEL peu liai pi essuie The t>io\\th 
late is limited b\ the supph of TIP 
4.1. Introduction 
РЬТіОз thin films have been deposited using e \> spin-coating1 2. R F 1 4 or ion beam 
sputtering"5, electron-beam evaporation^, chemical beam7, or chemical vapour deposi­
tion (CVD) 8 With all techniques a high temperature step is needed, either during depo 
sition or as a post-anneal, to form the tetragonal ferroelectric structure During this 
high-temperature step lead or lead oxide may evaporate due to its relatively high 
vapour pressure at elevated temperatures, resulting in the formation of lead deficient 
layers This deliciency can be suppressed eflectively by supplying extra lead-contain­
ing material during the growth In organometal l ic chemical vapour deposit ion 
(OMCVD) this can be simply achieved by increasing the lead precursor partial pres­
sure 
From the growth of III V compound semiconductors using OMCVD it is known 
that the composition ol ternary and even quaternary compounds can be very accurately 
controlled by adjusting the precursor partial pressures For the growth ot compound 
oxide thin films like PbZr ( Tii хОт, one might envisage a comparable control of the 
composition as in the case ol III V compounds 
In Chapter 1 the heteroepitaxial growth ot PbTiCh on (OOl)SrTiCh b> OMCVD 
using the precursors tetraethyllead, РЬ(С2ЬЦ)4 (TEL) and telra/s^propoxidetitanium, 
Ti('OCiH7)4 (TIP) together with oxygen at 700°C has been described This chapter re-
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ports on the kinetics of the growth of РЬТЮз on (OOOSrTiO^ For temperatures of 
700°C and higher, it turns out that the composition of the films corresponds to stoichio­
metric РЬТЮз, independent of the deposition temperature and the ratio ot precursor 
partial pressures This composition-controlled growth can be ascribed to a process in 
which the desorption of PbO competes with the formation of РЬТЮз 
The kinetics of the growth of РЬТіОз on (00l)SrTiO3 have been studied using a 
limited number of experiments The compositions of the РЬТЮз films on (OOI)SrTiO} 
were analysed using Rutherford backscattermg spectrometry (RBS) This chapter 
focuses on the composition of the films as far as the Pb/Τι ratio is concerned 
The formation ol РЬТЮз from TEL and TIP has been described by the overall 
reactions 1-39 
2Pb(C2H5)4 + 30 2 -» 2PbO + 8C 2H 4 + 4H 20 ( 1 ) 
Ті('ОСзН7)4 -» Ti02 + 4СзН6 + 2H 20 (2) 
PbO + Ti02 -» PbTiO-, (3) 
Reaction I describes the oxidation of TEL by oxygen to PbO and Reaction 2 the 
pyrolysis of TIP to Ti0 2 According to these reactions the primary reaction products are 
the volatile compounds C 2H 4, СзН^ and H 2 0 which are easily removed via the gas 
phase Of course, many other species will be generated and especially H 2 0 will also 
take part in the complex chemistry of the process Reactions 1 and 2 show that the pri­
mary process parameters to control the rates of formation of PbO and Ti0 2 are the par 
tial pressures ol TEL (PTEL) a r , d TIP (ρτιρ). respectively РЬТЮз 1S formed by the 
reaction of PbO with Ti0 2 according to Reaction 3 Obviously, these three reactions 
only give a very simplified description of the growth process Besides these chemical 
aspects, also gas flow dynamics may play a role (e ς temperature distribution in the 
reactor) The main process parameters controlling these gas flow dynamics are the 
Reynolds and Rayleigh numbers The value for the Reynolds number in this geometry 
at the present growth conditions, will be smaller than 5 which is well below the critical 
value for turbulence (2300) The calculation of a value for the Rayleigh number in a 
vertical reactor geometry is not straightforward since in this number one ot the parame­
ters is a critical length which is unknown here Taking an estimated value of 15 cm for 
this length, the Rayleigh number is calculated to be around 600 at the growth condì 
tions This is below the critical value of 1707 In the experiments reported on here, the 
parameters that influence the flow dynamics were kept constant when possible The 
influence of Ts, PTEL ρχιρ and the oxygen partial pressure, pon, on the growth will be 
presented next, leading to a qualitative model for the growth ot РЬТЮз In the next 
chapter a more quantitative growth model will be given 
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4.2. Experimental 
Depositions were performed in the small scale reactor and using the experimental pro-
cedure as described in Section 2 1 Dried От and N2 were used as the oxygen source 
and carrier gas, respectively In the experiments the partial pressures of TEL (Billiton, 
99 999%) and TIP (standard chemical quality, 99 9%) were varied by changing the 
flow rates ot camer gas through their bubblers The oxygen partial pressure was varied 
by changing its flow rate while maintaining the total flow rate at 0 5 standard litres per 
minute (SLM) The reactor pressure was kept at 13 Torr 
4.3. Results 
4 3 I The growth temperature 
Okada et al m have shown that the growth of PbO from TEL and T1O2 trom TIP is con­
trolled by diffusion through the gas phase above ~550°C in their experiments Above 
this temperature the growth rates of PbO and T1O2 are nearly independent ot the sub­
strate temperature and are proportional to PJEL a n d PTIP· respectively The parameter 
used to control the composition of the layer in terms ol the metals ratio of Pb and Ti is 
the ratio of precursor partial pressures ot TEL and TIP Due to differences in the diffu­
sion coefficients and reaction rate constants of the precursors as well as the adsorption 
probabilities of the constituents, Pb/Τι will not be the same as PTEL/PI IP Okada et al 1 0 
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found that an P I E L / P T I P much smaller than unity was needed to obtain the stoichiomet­
ric composition (Pb/Ti=l ). 
In Fig.4.1 the growth rate ot РЬТЮ^ as function of the temperature (between 650 
and 750°C) for P T E L / P T I P - 0 - 4 is presented. For the layers grown below 700°C at this 
gas-phase ratio, the f i lms contain lead oxide. Also shown in this l igure is the growth 
rate ot P b T i O t . which is found from the RBS data alter subtraction of the amount of 
PbO. The growth rate now shows a slight decrease with temperature tor which a posi­
tive energy of activat ion o f 8 kcal/mole is calculated. These corrected growth rales 
were confirmed by measuring the f i l m thickness after evaporation of the PbO by post-
annealing the f i l m deposited at 650°C in air at 8 0 0 T for 30 minutes. In Fig.4.1 this 
result is represented by the point at 650°C that fits to the drawn line. 
The off-stoichiomelry is illustrated by the RBS spectrum of the h i m deposited at 
650°C. sec Fig.4.2(a). The random spectrum could only be simulated i f an excess of 
PbO w i t h respect to the PbTiO^ was assumed. The channel l ing m i n i m u m yield was 
=35% indicative of a rather poor crystalline quality which may be (also) caused by the 
inclusion ol PbO in the P b T i O ^ th in f i l m . The X R D pattern o f the same f i l m (not 
shown) contains both P b T i O i and PbO reflections. In Fig.4.2(b) the RBS spectrum of 
the same l i l m alter a post anneal at 800°C for 30 minutes in air is given. According to 
this RBS measurement the composi t ion of the f i l m corresponds to stoichiometr ic 
P b T i O v This result indicates that the incorporated PbO can be desorbed f r o m the 
PbTiO^ thin f i l m at ~800°C. The f i lm thickness has decreased and the minimum chan-
b) 
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Enprgv |McV| »-
~-~^^_^ R j n d o m 
simulated ~~~——-
Channelled •---_ \ 
T , — v l Ï ) Pb 
dOO 
Channel -
/ '/#.7 2. RBS spectrum of an as-deposited film at ft40°C (a) and that of the 
.same film after an anneal for 30 nun at 800°С in oxygen (b) The 
random spet Hum of the as-deposited film can be simulated by 
assuming a Pb/Τι ratio of about 2. The spectrum oj the annealed 
film shows that the film tlmkness has decreased This speilrum 
(ould be simulated b) a stoichiometric PbTiOi jilm In both cases 
the (001) minimum channelling yield is lelatirely high, indicative of 
poor epitaxial growth. 
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two orders of magnitude lowei than o\er PbO The data aie taken 
from Ref11. The expei imentalh used lempei ature- and ρ TEL tange 
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nelling yield in the (001) direction is = 3 0 % indicating that the crystal quality has 
improved. This minimum channelling yield still is rather high as compared to films de­
posited at 70()°C and higher, indicating that the crystal quality of this lilm still is rather 
poor. 
Obviously, in the temperature range of 650-700°C. an PTEL/PI IP °1 0.4 results in an 
Pb/Ti>l. The supply of PbO is too large to fulfil the stoichiometric condition of Reac­
tion 3 and PbO is incorporated in the layer. With increasing temperature the rate of des-
orption of PbO seems to become larger than its rate of formation by oxidation of TEL. 
The amount of PbO in the layer is found to decrease and at 700°C and higher, the RBS 
spectra could be simulated by assuming a stoichiometric PbTiO^ film and the XRD pat­
terns reveal no other phases than perovskite type PbTiO-) PbO has a relatively high 
vapour pressure in this temperature range. 1 1 At even higher temperatures one might 
expect that this would lead to a PbO deficient layer However, the reaction of PbO with 
ΤιΟτ to РЬТіОз obviously is faster than the desorption of PbO. The equilibrium vapour 
pressure of PbO over PbTiO^ is several orders of magnitude lower than that over PbO, 
see Fig.4.3. Therefore, once РЬТЮ^ is formed it does not decompose again to PbO and 
T I O T under these conditions. 
The decrease in growth rate with increasing temperature is attributed to an increase 
in parasitic homogeneous gas-phase reactions causing a depletion of the Ti-specics 
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4.3.2, The precursor partial pressures 
The influence of the gas-phase composition is presented in Fig.4.4. In this figure the 
composition of the film, expressed as Pb/Ti. is plotted against the ratio of the precursor 
partial pressures. PTEIVPTIP which was changed by varying ρ TEL Ο Γ PTIP· The growth 
temperature and oxygen partial-pressure were kept constant at 70()°C and 4.1 Torr 
respectively. Stoichiometric PbTiCh (Pb/Ti=l) forms when the PTEL/РТІР ' S above a 
value of 0.3. This implies that the composition is, within a certain window for 
PTEL/PTIP ( a t ' e a s t between 0.3 and 0.8), invariant for changes in the precursor partial 
pressures at this growth temperature. 
As shown in the previous section, the growth rate of PbTiO^ on SrTiOi slightly 
decreases with increasing temperature. The observation thai the growth rale only has a 
weak dependence on the temperature is generally attributed to a diffusion limited 
growth regime. The driving force for the diffusion is the difference between the partial 
pressure of the precursor in the bulk of the gas phase and just above the substrate. If it 
is assumed that this latter concentration equals zero, the flux of precursor molecules 
towards the surlace and, hence, the growth rate will be proportional to the input partial 
pressures of the precursors. 
In Fig.4.5 the growth rate of РЬТіОч as a function of P J E L (with p-rip=2.6 mTorr) 
and pxip (with P T E L = ' · ' mTorr) is plotted at TS=70()°C and Pr>=4.1 Torr. The growth 
rate is found to increase with increasing ρχιρ, but to decrease with increasing P J E L -
From this observation it is concluded that the growth of РЬТіОз cannot be described by 
a combination of the independent diffusion limited growths of PbO and ТіСЬ. but that it 
is controlled by a competitive adsorption of Pb- and Ti-containing species on the sur-
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face From Fig 4 5 it follows that the growth is proportional to the рлр and therefore it 
is concluded that the growth ot PbTiO^ is limited by the supply of the Ti-containing 
species The decrease of the growth rate with increasing p-]£| is caused by a reduction 
of the number of available surtace sites tor adsorption of Ti species due to an increased 
adsorption ot Pb-species This ettcct will be further elaborated in Chapter *i 
4 3 3 The oxygen partial pressure 
Besides TbL and TIP oxygen is the third reactant involved in the growth of PbTiO^ 
Since the reactivity of oxygen is very low, Po, is kept several orders ot magnitude larg-
er than PTEL t o ensure the complete oxidation ot TEL Okada et al 1() showed that the 
growth rate ot PbO by the reaction ot TEL with oxygen is independent of PQ, if oxygen 
is in large excess with respect to TEL 
The influence of PQ2 on the growth of PbTiO^ on БгТіОз at 700°C for an PTEL/PTIP 
ot 0 4 was investigated The Po, was varied between 1 0 and 5 2 Torr As shown in 
Fig 4 6 the growth rate of PbTiO^ is within experimental error, independent on the PQ, 
above about 2 Torr Below this oxygen partial pressure the growth rate increases with 
decreasing P<>, 
The influence of the oxygen partial pressure may be explained as follows Oxygen 
plays a role only in the gas phase in the oxidation of the TEL to form PbO (Reaction 2) 
This oxidation reaction is very tast at sufficiently high temperatures about 500°C l 0 
Therefore no influence ot the oxygen partial pressure on the growth rate is expected 
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Fig.4 6 Infi нет e of the oxygen partial pressure on the growth rate of 
PbTiOj. 
Only if the oxygen partial pressure is lower than some critical limit, which seems to be 
around 2 Torr for these growth conditions (see Fig.4.6 ). the oxidation ol the TEL is 
suppressed. This causes a reduction of the concentration of Pb species in the gas phase 
and subsequently a reduction of the number of surface sites that are occupied by the Pb 
species. The number of surface sites available for the rate limiting Ti-containing 
species then increases and hence the growth rate increases. The influence of the oxygen 
partial pressure on the growth rate of PbTiO^ may also be explained by adsorption of 
oxygen on the growing surface. Adsorbed oxygen would reduce the number of avail­
able surface-sites for the adsorption of the ТіСЬ, very comparable to the above 
described influence of the PJEL- The reduced fractional occupation by the Ti-species 
will result in a lowering of the growth rate. It seems likely however that the growth rate 
would gradually decrease when the oxygen partial pressure increases. Although the 
number of experimental data are limited they seem to point at a threshold value for the 
oxygen partial pressure above which the growth rate is more or less independent on 
Pu,· This observation supports the first explanation. 
4.4. Discussion 
The present results indicate that for temperatures of 700°C and higher, the growth of 
PbTiO} on SrTiOi is governed by a growth mechanism ensuring the formation of 
stoichiometric РЬТЮ^. The mechanism involves a competition between the formation 
of PbTiO^ by the reaction of PbO with TiCh on the one hand and the desorption of PbO 
on the other hand. This is further exemplified in Fig.4.3 showing the equilibrium partial 
4 
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pressures of PbO over PbO (full line) and over PbTiO^ (broken line) in vacuum as a 
function of the temperature. The data are taken from the work of Hardll et al. ' ' The fig­
ure can be interpreted as a phase diagram of the system PbO-ТіСЬ. On the right hand 
side ot the full line, PbTiO} coexists with PbO. and layers grown at these temperatures 
and PbO partial pressures are expected to contain PbO. On the left hand side of the bro­
ken line, РЬТЮ^ is unstable and decomposes to PbO and TiOi. The region between the 
broken line and the full line gives conditions under which PbTiO^ is thermodynamical-
ly stable. It demonstrates that at growth temperatures above 600°C, the PbO partial 
pressure should be larger than IO-* mTorr to form stoichiometric PbTiO^. This condi­
tion is hard to achieve in high-vacuum deposition techniques. However, in an OMCVD 
process such partial pressures are easily achieved. It also shows the presence of a rela­
tively large process window of temperatures and PbO partial pressures in which 
stoichiometric PbTiO-t can be grown. Of course one must be careful with interpreting 
these data as they only give information on the equilibrium situation. The balance 
between the supply of PbO and its desorption will also play a role and, hence, the 
growth rate is of importance. 
In Fig.4.3 also the intervals of temperatures and TEL partial pressures used in the 
present experiments are indicated. It shows that for a PTEL ot 1.1 mTorr, as used in the 
temperature series, one would expect the formation of PbO containing layers tor tem­
peratures below ~710°C. At 7()0°C the incorporation of PbO is expected for a 
PTkL>0.8 mTorr. This is in fairly good agreement with the observations. One should 
notice that the actual partial pressure of PbO will be lower than PTEL a nd- hence, that 
this interval should be shifted to somewhat lower partial pressures. This will cause a 
shift of the process window for obtaining single phase PbTiO} layers to lower tempera-
lures and higher TEL partial pressures. 
4.5. Summary 
The kinetics of the growth of РЬТЮч on SrTiO^ have been studied between 65()°C and 
750°C using TEL and TIP. It is found that for an PTEIVPTIP above 0.3 and at tempera­
tures of 700°C and higher, stoichiometric PbTiO^ forms at a growth rate of 
-200 nm/hour, nearly independent of temperature. Below 70()°C an increasing amount 
of PbO is incorporated with decreasing temperature. 
The growth rate is found to be proportional to pjjp and to decrease with pTEL This 
is explained by a mechanism of competitive adsorption of Pb- and Ti-containing 
species on the growing surface. The growth rate is limited by the supply of the Ti-con-
taining species. The oxygen partial pressure does not seem to have an influence on the 
growth rate provided that it exceeds a threshold value of, in this case, about 2 Тогт. 
The observation that the growth of РЬТіОз by OMCVD is composition controlled 
has the important technological implication that stoichiometric PbTiOi films can be 
grown above 7()0°C, independent of the growth parameters. Hence, the uniformity in 
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thickness and composition ot the layer is independent ot the temperature uniformity 
over the substrate Also, the composition does not depend critically on the gas-phase 
ratio oí precursors Below 700°C the composition depends on both the temperatuie and 
the gas-phase composition Therefore, the process control then is more critical as any 
temperature variation over the substrate will lead to non-uniformities and fluctuations 
in the gas-phase composition to variations in the composition ol the layer 
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5. Modelling of organometallic chemical vapour deposition 
of lead titanate 
Abstract 
The growth of lead titanate bx organometallic chemical vapour deposition using the 
piceni sors tetiaethyllead. tetraisopropoxidetitanium and oxygen, іч modelled An ini­
tial partiaux decomposition of the precursors is postulated to take piai e in the gas 
phase. These partial dec omposed species then diffuse to the surface followed In a dis-
soc lain с adsorption The Pb and Τι adsoi bates make use of the same sort ofad.soiplion 
site therein introducing a competitive adsorption mechanism. In и next step the adsoi-
bates decompose furthei and reac ι with adsorbed oxxgen. leading to the formation of 
intermediate compounds of lead oxide, and titanium dioxide 7hese individual oxides 
then either react to form the lead titanate or are incorporated in the f dm as sue h. Des-
orption of the intermediate lead oxide compound is included in the model The model 
max he used to describe the dependence of the growth rate and the composition of the 
laxer as a function of the deposition temperature, precursor- and oxygen paituil pres­
sures A reasonable agreement between the model predictions and experimental results-
is obtained 
5.1. Introduction 
Ferroelectric thin films have been long considered as active layers in a range of devices. 
Large improvements in the quality of the thin films as well as foreseen limitations of 
existing technologies make the implementation of such films in near future devices 
very likely. The ferroelectric material that has been developed already to a large extend 
is lead zirconate titanate. PbZr ( Ti |_ x 03. For the large scale processing of this material 
organometallic chemical vapour deposition (OMCVD) seems to be a suitable tech­
nique. Using this technique uniform polycrystalline PbZr,T¡i_vOi films have been 
deposited over 4 and 6 inch wafers.1 
In order to study the influence of the growth parameters on the composition of the 
films a relatively simple system of heteroepilaxial lead titanate, РЬТіСц on (001 ) stron­
tium titanate, SrTiO^, using the precursors tetraethyllead (TEL) and tetra/.sopropoxide-
titanium (TIP) was chosen (see the Chapters 3 and 4 and Ref.2). The growth of lead 
titanate was studied at temperatures between 650 and 75()°C and it was found that the 
films were stoichiometric when the growth temperature was above 700°C, provided 
that the ratio of TEL and TIP, the РтЕіУ/'TlP· w a s larger than about 0.3. A decrease in 
the growth rate was observed with increasing TEL partial pressure and an increase with 
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increasing TIP partial pressure. The growth rate was nearly independent of the oxygen 
partial pressure. These observations were qualitatively explained by a mechanism in­
volving the competitive adsorption of a lead- and titanium species on the growing sur­
face.2 In this Chapter a growth model is proposed, based on this competitive adsorption, 
which largely explains the observed dependencies of the growth rate and composition 
on temperature and precursor partial pressures. It describes the growth in terms of 
adsorption and desorption processes with reactions taking place both in the »as phase as 
well as on the surface. 
5.2. The growth model 
5.2.1. Description 
A thorough investigation into the growth mechanism calls for dedicated experiments as 
has been the case in the elucidation off g the mechanism of gallium arsenide growth 
using OMCVD.1·4 Analysis of gas-phase species and adsorbates would be necessary to 
help the formulation of a growth model. The present model can only be formulated on 
the basis of experimental results that were obtained in a realistic OMCVD reaclor.-
Knowledge of the nature of gas-phase species and adsorbates is lacking. A recent study 
into the growth mechanism ot T1O2 using the precursor Ti('OC^H7)4 and oxygen re­
vealed that at deposition temperatures below 50()°C the deposition rate ol'TiCb is deter­
mined by the (partial) decomposition ot the alkoxidc in the gas phase.*> At temperatures 
above 550°C il was suggested that the deposition rate was controlled by the adsorption 
of a partially decomposed alkoxide. Formation of ТіСЬ probably occurs only on the 
surface. Although the presence of P b t C i H ^ and its reaction products may have a large 
influence on the formation of ТіСЬ. basically this suggested reaction scheme for the 
formation of ТіСЬ is included in the present model. Okada has shown that in an 
OMCVD reactor operated at reduced pressure the growth rate of the ТіСЬ using TIP 
and the growth rate of PbO using TEL seem to be controlled by diffusion, i.e only a 
weak temperature dependence is found, above about 520°C.6 Also in that paper a slight 
reduction in ТіСь growth rate was observed at even higher temperatures. This observa­
tion was attributed to a parasitic homogeneous gas-phase formation of ТіСь particles, 
an effect also reported by others.7 In Okada's paper it was also demonstrated that the 
formation of PbO occurs by an oxidation of the TEL, demanding for additional oxygen, 
while for the formation of ΤιΟτ no additional oxygen was needed.6 In a paper by 
Kwak et al .K the deposition of РЬТЮ^ using the above set of precursors was described, 
without the need for additional oxygen. It was stated that the necessary oxygen was 
supplied by the TIP precursor. This result is not supported by other authors nor by the 
results presented in this work and is therefore taken to be a misinterpretation. 
The heterogeneous growth model discussed here is represented by the set of reac­
tions presented below. These reactions were formulated with the aim of representing 
the experimental observations of the heteroepitaxial growth of PbTiO^ on (OOl)SrTiO^ 
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in the temperature range of 650-750°C as accurate as possible 2 Although especially the 
low temperature range also is interesting (and of technological relevance) here the 
focus is on the mentioned temperature interval In short, the experimental observations 
are -
• The growth rate linearly increases with increasing partial pressure ot the 
TIP 
• The growth rate decreases with increasing partial pressure of the TEL 
The decrease seems to be non linear but the number ot data is insuffi­
cient to conclude on this 
• An increase of the deposition temperature trom 6^0-750°C results in a 
slight lowering ol the growth rate This weak dependency on the tem­
perature indicates that chemical reactions do not determine the growth 
rale in the temperature interval under investigation 
The growth rate is almost unaffected by the oxygen partial pressure 
Only if this pressure is below about 2 Torr an increase of the growth 
rate with decreasing oxygen partial pressure is observed 
• The composition of the films is independent of the precursor partial-
pressures ratio above a deposition temperature of about 700°C and an 
PTEl/PTIpofCn 
At temperatures <700°C, using the value tor/?TEL//;Tip that yields stoi­
chiometric films at deposition temperatures of 700°C and higher, the 
РЬТЮя films contain lead oxide in the form of a second phase 
In Fig 5 1 a schematic of the proposed model is presented The first step in the growth 
process is the partial decomposition ot the organometallic compounds Although not of 
crucial importance for the present model formulation, it is postulated that these initial 
reactions take place in the gas phase Considering the high temperature ot the gasses 
near to the substrate and the reported decomposition temperatures of the precursor com 
pounds5 7 9 it is likely that at least some gas phase decomposition of the precursors 
lakes place in the chemical boundary layer l ( ) The partially decomposed lead- and tita­
nium species then dissociatively adsorb onto the surface It is postulated that only one 
surface site is occupied for each metal complex, implying that the leaving organic 
group instantaneously desorbs from the surface Both the titanium and the lead species 
make use ot the same sort of surface sites, thus introducing a competition in the adsorp­
tion of the two compounds 
In the model, tentatively, the oxygen is adsorbed onto the surface before it reacts 
with the adsorbed lead species It is assumed that oxygen adsorbs onto the surface in a 
non competitive way. using a different surface site than the lead- and titanium species 
It cannot be ruled out that oxygen also plays an important role in the gas phase, not 
only in the decomposition of the ligands but also in the oxidation of the lead species in 
the gas phase In the present model the role of oxygen is restricted to the surface and no 
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Ti(OC3H7)4 Pb(C2H5)4 
Fig 5 1 Schematic repiesentation o} tlie growth model The pi ec ui sors TIP 
and TEL paitialh decompose in the gas phase and subsequently 
adsorb dissoc iati\el\ onto the growing surface using the same 
adsoiption sites. Then the intermediate oxides are foi med and the 
surfac с sites become available again Lead titanate is formed bx the 
reaction of these inteimediate oxides which max also incorpoiate in 
the solid or, in the case of PbO', evaporate. 
gas-phase reactions of oxygen are included. 
In the next step the adsorption complexes of lead and titanium decompose to forni 
intermediate compounds of the individual oxides while generating new adsorption sites. 
This implies that the blocking of the surface for adsorption is assumed to be due to the 
adsorption of the remaining organic ligands. The freshly arriving lead- and titanium 
species may adsorb onto the individual oxides as well as on lead titanate. The interme­
diate oxides then either react to form the lead titanate film or incorporate as lead oxide 
or titanium dioxide into the solid. The intermediate lead oxide species also may evapo­
rate from the surface since the vapour pressure of lead oxide has a relatively high value 
in the relevant temperature range. In fact, the adsorption of PbO should also be taken 
into account, however since its influence it expected to be small and for reasons of sim­
plicity this adsorption is left out of the present model. The vapour pressure of ТіСЬ in 
this temperature range is very low. so evaporation of adsorbed ТіСъ is neglected. 
5.2.2. Chemical reactions 
Reactions (0)-(4) below describe the adsorption of oxygen onto the surface, the initial 
partial decomposition of the TEL and the TIP in the chemical boundary layer1 0 and the 
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subsequent dissociative adsorption of the metal containing reaction products onto the 
growing surface respectively It is assumed that tor most reactions equilibrium is 
strong on the right-hand side of these equations This implies that in most cases the 
reverse reaction is left out An exception is the adsorption of oxygen In the following 
equations the symbol * is used to denote a lree surface site tor the adsorption of a tita 
mum or lead species as well as for the organic hgands Oxygen adsorbs onto sites that 
are denoted by the symbol # 
Q2+2#; > 2Q# (0) 
Ti(OC,H 7 ) 4 — ^ - » Т Ю ( О С , Н 7 ) я + С , Н 7 (1) 
ТіО(ОС^Н7), + - k: >TiO(OC3H7)2>-+OC: iH71' (2) 
Reaction ( 1) states that one of the alkoxide groups dissociates from the TIP molecule 
The gas phase decomposition ol the TIP was assumed to be comparable to that ol 
tetraethoxysilane ' ' In the following step this partially decomposed TIP molecule dis-
sociatively adsorbs onto the surface One surface site is occupied during this process it 
is assumed that the leaving alkoxide fragment evaporates from the surface and doesn't 
occupy an additional surface site In this equation it is stated that two alkoxide groups 
remain attached to the titanium adsórbate since these are required for the supply of the 
two oxygen atoms for the formation of titanium dioxide 
The formation of the lead adsorbates is also preceded by a partial decomposition in 
the gas phase 
Pb(C2H04 h )Pb(C 2 H s ) t +(4 OC2H s (T) 
followed by a dissociative adsorption as described by 
Pb(C2H,),+ — ^ P b i C ^ ) , |*+C2H5 T (4) 
Therefore also in this case the adsorption involves an energy of activation In these 
reactions the value ot χ may vary between 1 and 1 According to these Reactions (1 ) (4) 
organic fragments are formed either in the gas phase or on the surface, which are strict­
ly speaking radical species (C2H<s and OC^H7) It is very likely however, that these 
compounds, in the presence of oxygen and at high temperature, will further react to 
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C 0 2 and H 2 0. This H2O may react with the freshly arriving precursor compounds so 
enhancing their decomposition. This effect, which may be important since especially 
the alkoxide is known to be very reactive towards water, is not included in the present 
growth model. 
The next step in the model is the reaction of the adsorbates to form the intermediate 
oxide compounds of lead and titanium. PbO1 and ТіСЬ1, as given by 
РЬ(С2Щ)х ι ·+0# Ц )PbO' + \ С 2 Щ Т + * + # , (5) 
TiO(Oe^H 7 ) 2 * kf> > T i 0 2 + C ^ H 7 T + О С 3 Н 7 Т + * . (6) 
For the formation of PbO1, adsorbed oxygen, 0 # , is necessary. These intermediate 
adsorption complexes of the individual oxides are incorporated as a second phase into 
the film (Reactions (7) and (9)) or they may react with each other to form lead manate 
(Reaction (8)). 
Ti0 2
 k?
 >TiOs2, (7) 
T i 0 2 + P b O '
 k
" )PbTiO^, (8) 
P b O 1 — ^ P b O s . (9) 
The intermediate lead oxide species, PbO1, may also desorb from the growing surface 
according to 
PbO' k"> >PbOe. (10) 
The superscripts 's' and 'g' referto 'solid' and to 'gas phase' respectively. In the model 
the simplifying assumption is made that only the PbO' species desorbs which is not in 
perfect agreement with experimental observations since it is observed that also incorpo­
rated PbO, PbOs, may desorb from the tilm during a post annealing procedure.2 The 
exclusion of this effect in the present model may cause the calculation of lead rich 
films. However, since high temperatures (>800°C) are necessary to evaporate the incor­
porated PbO\ it is estimated that the elfect in the temperature range under investigation 
(650-750°C) is relatively small. 
A second simplification is the assumption that the desorbed species. ; e the PbO? 
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and the organic fragments, are removed quickly, ; e they do not re-adsorb onto the sur­
face This assumption seems to be reasonable in view of the high diffusion velocity 
away from the susceptor in the reactor what leads to a fast removal of the species from 
the growth region 
This set of reactions ((())-( 10)) provides a description of the growth of РЬТіО^ from 
the precursors Pb(C2Hs)4, Ті('ОС<Н7)4 and oxygen Using this set of equations, expres­
sions for the growth rate and composition dependencies on the precursor partial pres­
sures and on the temperature may be derived 
S 2 3 Formulation of the model 
The adsorption of oxygen onto the surface is described by an equilibrium between ad-
and desorption with the assumption that the adsorption of oxygen is non-competitive 
with the lead- and titanium species If the fraction ol surface sites for oxygen that is 
occupied is given by ^ and, hence, (1-θο) the fraction of sites that is available for 
oxygen adsorption, then this equilibrium is given by 
Α ο Α > $ 2 ( ΐ - β 0 ) = *-οβο ( И ) 
with Kß=k(i/k g, leading to a Langmuir adsorption isotherm for the oxygen 
О = ι 
κ
ορέ\_ 
(12) 
i + ^oPÓ, 
Using this equation the fractional surface occupation may be calculated as a function of 
the oxygen partial pressure 
The partial pressures of the gas phase decomposit ion products of the 
organometallics are given by 
/>TiO(OC,H7), κ λ / Ρ τ ΐ Ρ ( l ì ) 
/7Pb(C2H,)( K^ìPlEL· (14) 
These formulas only provide a very simplified description of the initial decomposition 
process An improved description would be if a steady state approximation was applied 
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to these initial decomposition products This however complicates the formulation ot 
the model and it would not change its basic behaviour Two reaction rate constants are 
maintained in these equations in order to be able to introduce a difference in the initial 
decomposition rate of the titanium alkoxide and the tetraethyllead The latter is reported 
to start to decompose already at temperatures around 10()°C whereas the initial decom­
position of the alkoxide is reported to occur at higher temperatures 
To introduce the competition between the adsorption of Ti- and Pb species the 
important assumption is made that the number ot surface sites is limited The fractions 
рь and Θ-ΓΪ are occupied by the Pb and Ti species respectively (or by the organic frag­
ments of these species) A fraction 0f of the available sites then is free tor adsorption of 
gas phase species If the steady-state approximation is applied to the fractional surface 
occupation of the initial lead and titanium species, the following equations are 
obtained 
dTiO(OC^H02 _ d 0 T . 
at 
k-, 
út 
^'-Ь/'тчоюсчн,)!0! -Α
ή
θ
Τ ι 
öTi - -p / 'T iO(OCiH 7h ö l 
(15) 
and 
dPb(C 2 H^) ( * _ d6>, Pb 
öPb -
At dr 
Ц , iC(J 
° - A-f/->pb(C2Hs)v Θ Ι " ^ P b ^ O 
(16) 
The summation of the Iractional occupations ot the lead and titanium adsorption com­
plexes and the traction ot tree surface sites equals unity 
0f + öPb + θ Γ ι - (17) 
This equation allows the calculation of the fraction of sites θ |, that is available tor the 
jdsorption of gas-phase species 
0r = , ^ / ' l i O l O C ^ H v h *-//
J(PbC.->H<¡), 
1 + •——- + ^ ~ — 
к,
 (: 
(18) 
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рь and θ-ρ, may now be calculated using the Eqs.(15). (16) and (18). 
Decomposition and oxidation of the adsorbed metal complexes lead lo the forma­
tion of intermediate adsorption complexes of the individual oxides. If it is assumed that 
the rate of formation of these intermediate complexes equals their rate of disappear­
ance, the following expressions are obtained: 
А6 Т і-А 7ІТІО|,]-А л. |Т.О!,1[РЬО , |-0. (19) 
so 
, T , n i ι ^ЛAf! 
- Л7 +Л, |РЬО, I ( Л Л 
For the lead oxide this yields: 
к5 РЬ 0 - A,s.[TiOj,|[PbO' ] - MPbO' I " λ/oIPbO' | = 0 
=>lPbo4 = ^ ^ .
 ( 2 I ) 
Eqs. (20) and (21) form a quadratic expression from which [PbO1] and [TiOo'l are cal­
culated. The rale of formation of РЬТіОз then follows from: 
ÄPbT,(), = * Α [ Τ Ι Ο ^ ] [ Ρ Ο Ο Ί . (22) 
The stoichiometry. Pb/Ti, and total growth rate, R
xou
\, of the films are given by: 
|Pb] Ярьтю, + ^РЬО 
|Ti | WP b T l 0 l + WT l 0 l (23) 
^tolal - ^РЬТЮ, + ^PbO + ^ТіСЬ . (24) 
where /?рьо and WjiO-i a r e 'he growlh rates of solid PbO and ТіСЬ incorporated as sec­
ond phases according to: 
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flpbO=A9|PbO'l. (25) 
and 
* т , о 2 = Ы ™ 2 І · (26) 
Using Ihe above equations, the influence of the deposition temperature, precursor- and 
oxygen partial pressures on the fractional occupation of the growing surface. Я10ы-
^РЫіОі
 a r ,d Pb/Ti were calculated. 
5 2.4. The reaction rate-constants 
The reaction rate constants, ko to k/o, all are dependent on the temperature according to 
Arrhenius law. For reasons of simplicity, here only four of the rate constants are set to 
obey this law and the remaining rate constants are set to a fixed value. In practice the 
temperature dependence of a reaction scheme as is suggested here is often determined 
by one rate limiting step At different temperatures different steps in the process may be 
rate limiting, ; e. at low temperatures it may be the initial decomposition while at higher 
temperatures the process may be controlled by for example the adsorption ol a species 
on the growing surface. 
In the present model, the diffusion of species through the chemical boundary layer 
is not explicitly included. The Reactions (2) and (4). describing the dissociative adsorp­
tion of a titanium- and lead species to form the intermediate adsorption complexes, 
however, actually consist of a series reactions of diffusion- and adsorption ot species 
The reaction rate of such a series may be given by: 
1 1 1 
(27) 
"overall "diffusion "dissociation 
In the case of irreversible first order reactions, the rate is given by the rate constant 
times a partial pressure. When the rate constants for diffusion and dissociative adsorp­
tion are given by kj and k,' and the overall rate constant is k
r
 Equation (27) may be 
rewritten for the case ot 14' order irreversible reactions as: 
I 
' d T = T,+V (28) 
The overall rate constant, k,. is dominated by either of these two 'sub' rate-constants. 
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At relatively low temperatures the value of A,' will be small compared to the value for 
A(/, implying that the latter may be neglected. At relatively high temperatures the 
reverse situation will hold: the value of A,' will be much larger, due to its temperature 
dependence according to the Arrhenius law, than the value for kc¡. This makes that the 
overall rate is determined by the value for the kj. The rate constant for the diffusion, kj, 
is only weakly dependent on the temperature and is in the present model set to a fixed 
value. The rate constant for the dissociative adsorption, k,'. follows the Arrhenius law 
leading to the following expression for these combined rate constants: 
* ,= 
k,lk -Í.JRT dKi.Oc 
k,l +*/. 0 e -EJRI • (29) 
The constant k',Q in this equation is the pre-exponential factor in the Arrhenius law. 
Both the rate constants describing the diffusion and dissociative adsorption of the metal 
species. A 2 and kj, obey this equation in the present model. The temperature depen-
dence of other reactions as well is taken into account. The rate constant for the reac-
tions describing the formation of РЬТіОз, кц, and the desorption of PbO from the grow­
ing deposit, кц) are programmed according to the Arrhenius law. The rate constants k¡). 
k_n, A/, kj, ks. A6 and Ay are relatively small and do not determine the overall growth 
rate. Therefore in the model they are taken to be temperature independent. In Table 1 
the rate constants are listed and their values for the model calculation are given. For the 
temperature dependent constants, values for the activation energies, Ea, and pre-expo-
Table 1. Summary of ¡he rate constants of the model. 
ki 
k<) 
ko 
k| 
Ь 
кд 
k 4 
kü 
кб 
к? 
к
Х 
к 9 
kin 
descriplion 
adsorption of oxygen 
desorption of oxygen 
TIP decomposition 
Ti-species dil fusion and 
adsorption 
TEL decomposition 
Pb-specics dilfusion and 
adsorption 
PbO lormation 
TiO-> formation 
ТіСЪ incorporation 
РЬТіОз formation and in­
corporation 
PbO incorporation 
PbO evaporation 
[kJ/mole] 
85 
90 
220 
230 
к i.o 
IO9 
IO9 
К ) 1 4 
I O 1 4 
kd 
le m 2 M 
1000 
soo 
fixed value 
1 
1 
1 
10 
1 
1 
0.1 
1 
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nential factors, к , Q are given A motivation for the choice of the relative magnitudes 
of the constants is given below 
The temperature independent rate constants were arbitrarily set to unity The value 
of kj was set to ten times the standard value in order to simulate the relatively fast ini­
tial decomposition of the lead precursor at low temperature A result of this is that the 
effective partial pressure of the lead precursors is ten times higher than the effective 
partial pressure of the titanium precursor (at the same input partial pressures for both 
precursors) The incorporation of T1O2 into the film was suppressed by setting the value 
of k7 to 0 1 
The temperature dependence of the rate constant was calculated using estimated 
values for the activation energies Reported values for the deposition rates of T1O2 and 
PbO were used to estimate values tor E
a
 and k', Q (see Table 1) Literature data show a 
considerable spread and seem to strongly depend on the geometry of the deposition 
reactor The values tor the diffusion constants of the titanium and lead species were set 
to 1000 and 800 cm2s ' respectively On basis of the difference in molecular weight of 
the two diffusing species under the assumption that both have lost one of their hgands, 
the value for the diffusion constant for the lead compound is set to 80% of that of the 
titanium species 
In Fig 5 2 the calculated values for the temperature dependent rate constants are 
plotted as a function of the temperature The values of the rate constants describing the 
adsorption of the lead- and titanium species, ¿2 dnd Ц* start to increase at around 350°C 
and level-off at a temperature close to 600°C At this temperature their values are deter­
mined by the included diffusion limits (1000 and 800 for λ 2 and Лг^  respectively) The 
rate constants tor the formation of PbTiO^ (kg) and the evaporation of PbO (k¡o) start to 
200 300 400 500 600 700 B00 900 1000 
Temperature [ ° d >• 
Fig 5 2 Calculated tempeiatui e dependente of the ι ate constants of the 
ιcactions de<!cithing the dissociatile adsoi ption of the metal 
spec ws (kj and k4) the f01 matton of lead ti tanate (kg) and the 
desotptum of lead oxide (k¡Q> 
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increase at a temperature around 700°C The values for the activation energies and pre-
tactors were chosen in a way that the formation of the РЬТіОз is faster than the desorp-
tion of PbO, in accordance with the experimental observations 6 
In the next part the results are presented that were obtained with the growth model 
using the set of rate constants as given in Table 1 The aim was to investigate the validi­
ty of the growth model by comparing the trends of the model calculations with the 
experimental data that were described in the previous chapter (and in Ref. 2) 
5.3. Results of the model calculations 
5 3 1 Influence of the temperature 
In the following calculations, fixed values for the TEL and TIP partial pressures of 1 1 
and 2 5 mTorr respectively and 4 Torr tor the oxygen partial pressure were used These 
partial pressures were chosen since these values were the standard settings during the 
growth experiments The temperature was varied between 200 and 1000°C. 
In Fig.5 3 the calculated fractional surface occupations, рь and θχ, of the lead 
РЬ(СгН^)( and titanium species ТіО(ОСзН7)^ are presented At low temperatures 
(200°C), no dissociative adsorption takes place and the fraction of unoccupied sites is 
unity Above this temperature the partially decomposed organometallics start to adsorb 
leading to increased values for рь and Οχ, and a decreasing fraction of free sites, 6f. At 
a temperature of about 600°C, an apparent stable situation has developed and the frac­
tional occupation of the surface changes only marginally with increasing temperature 
In this situation рь is about four times higher than θχ! This is due to the fact that k¡ 
was chosen ten times higher than the value of k¡ and pxEL 0 44 times that of the />χιρ 
Fig 5 3 Calculated fiac tional occupation of the swface by the adsoiption 
complexes of lead ( рь) ond titanium (Qj,) as a fune non of the tern-
peratwe The fraction of available sites foi adsoiption (θι) is also 
given PTEL=I I mTon and Ртір-2 5 mToi ι 
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At the relative high temperatures the values for A 2 and Aj are dominated by the diffu­
sion limits which is lower for the lead- than for the titanium species thus reducing the 
initial value of 4.4 to about 4. 
In Fig.5.4 the calculated growth rates of PbO1 and ТІО21, of which both reaction 
rate constants have been set independent of the temperature in this model, are present­
ed. For the growth rate of TïCb' the model predicts a peak with its maximum at about 
450°C followed by a decrease. The growth rate of PbO' decreases with increasing tem-
perature. This is the result of the onset of the formation of lead titanate and the incorpo-
ration and desorplion of lead oxide.. 
Experimentally it was observed that the РЬТіОз films were stoichiometric when the 
deposition temperature was above about 700oC.'- 2 This behaviour is also predicted by 
the growth model. In Fig.5.5 the calculated Pb/Ti as well as the measured values for 
Pb/Ti are plotted as a function of the temperature. Below 700°C the model describes 
deposits which are rich in lead oxide. Above this temperature a levelling-off at a value 
for РЬДі somewhat below the stoichiometric value of unity (at these precursor partial 
pressures) is observed. In order to obtain also at higher deposition temperatures the sto­
ichiometric value of unity, the value for the />ΤΕΙ7/ΊΙΡ must be increased. At low tem­
peratures the growth rate of РЬТіОз is zero and the composition of the film is the result 
of the simple co-deposition of ТіСЬ and PbO. The ratio of the precursor partial pres­
sures in this case determines the composition. When the temperature increases both the 
rate of formation of the РЬТіОз and the evaporation rate of the PbO increase. This 
results in a stoichiometry of the deposits that is approaching unity if the rate of forma­
tion of the РЬТіОз is fast in comparison with the deposition and evaporation steps. 
In Fig.5.6 the influences of the deposition temperature on the calculated total 
growth rate, Л,
о ы
і (see Eq.(24)) and the growth rate of PbTiO^ are presented. The 
0 ' 1 ' 
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Fii>.5.4. Calculated с oncentration of the intermediate species of lead and 
titanium, PbO' and TiOi'. These complexes are the starting com­
pounds foi the formation of lead titanate. titanium dioxide and lead 
o.xide and foi the exaporation of the latter compound 
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Fi<> *> 5 Calculated and e\pei¡mentalis obsened compositions of the solid, 
e\piessed as PblTi plotted as a function of the deposition tempeia 
lui e A satisfai toi \ fit betw een the model cale ¡dation and the expei 
¡mental ¡esults is obtained 
experimental results are also given showing both a decreasing /flutai as well as d 
decreasing growth rate of РЬТіОз with increasing temperature The model supports this 
decrease in RMU\ with increasing temperature which is due to the increased evaporation 
rate of PbO1 from the surface at higher temperature compared to the incorporation rate 
of PbO1 into PbO At temperatures ol 700°C and higher the rate of incorporation of the 
PbO is negligible compared to the evaporation rate At low temperature, the films con-
lain an excess of PbO resulting in an Pb/Τι exceeding unity 
With increasing temperature the model calculates an initial increase of the РЬТЮ^ 
growth rate followed by a very slow decline starling at around 650°C The ex-
700 800 
Temperature I C] 
Fiif S ó Calculated çxmth ι ate of PbTiOi and total giowth ι ate as a fune 
non of the deposition tempeiatuie The e\pei ¡mental data (filled 
symbols) ai e also ine hided 
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perimenidlly observed decrease is sleeper and may be due to parasitic reactions causing 
a depletion of the growth species Such a parasitic reaction is not included in the model 
It may be simulated by assuming a reduction in the partial pressure of the TIP An alter­
native, but less probable, explanation for the decreasing growth rate with increasing 
temperature is to assume that the rate limiting titanium species starts to desorb at higher 
temperatures In the model this effect is not included, PbO' is the only desorbing 
species 
5 3 2 Influence of the precursor partial pressures 
5 3 2 1 Vai lation of the РЬ(С2Н$)4 pai rial pi essiti e 
Experimentally it was observed that the Pb/Τι of the films is unity within experimental 
error when the /'ТЕІУРТІР exceeds a value of about 0 4 for a growth temperature of 
700°C This behaviour was modelled by fixing the pj\p to a value of 2 5 mTorr and 
varying the ¿>TEL s u c n t n a t t n e value of PTEUPTIP w a s between 0 and 2 The results of 
the model calculation of the Pb/Τι as a function of the PTEL/PTIP t ° r 600, 700 and 
800°C as well as experimental data are presented in Fig 5 7 For a temperature of 600°C 
the model calculates an increasing Pb/Ti with increasing PTEL/PTIP This is due to the 
low reaction rate for the formation of РЬТіОз and the low evaporation rate of PbO 
When the growth temperature increases, a tendency comparable to the experimentally 
observed behaviour is obtained The Pb/Τι increases with PJBUPTIP u n t l ' l l approaches 
unity followed by a gradual increase This increase is not observed in this limited set of 
experimental data Both the experimentally observed as well as the calculated levelling-
"TEL'PTIP *" 
Fi
 s
' 5 7 Cale ulated and e xpet ¡mentally obsei ved с ompositton of the deposit, 
expiessed as РЫТі, as a function of the gas-phase composition, 
PTFJPTIP PIEÜPTIP was l a> ,ed b\ с hanging PJEL a l a c onstant 
\alue (2 5 mToii ) foi the pj¡p At high tempeiatuie PblTi 
appioaches unüy followed by a lineai slow inciease The expeii-
mental data show a shaip ina ease to PblTi is unity 
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Fit; 5 8 Cale ulated and e\pei ¡mentally obsei \ ed total ці ow th ι ate as a 
fune tion of the PJEL The e \pei ¡mentally obsei \ ed dec ι ease of the 
giowth iati v. uh ι nei easing pania! pi essuie of the TEL is 
desci ¡bed by the model Ρτιρ=2 5 rnloi ι 
off at the stoichiometric ratio occur at about 700°C 
The calculated influence of the TEL partial pressure on Rlota\ is presented in 
Fig 5 8 The experimentally observed growth rate is also shown and decreases with 
increasing ¿>TEL This behaviour also follows trom the growth model for temperatures 
of about 700°C and higher At a temperature of 600°C, the model describes a compara 
ble behaviour In this case the growth rate is somewhat higher and the decrease with 
increasing /?JEL l s l e s s bteep that at 700°C This behaviour is attributed to a reduced 
evaporation rate of PbO at 600°C compared to the higher temperature At higher tem-
v * 0 10 
еирв ments 700 С 
FIÍ> 5 9 Giowth tate of PbTiOi os a function of the TEL pai tial pi essuie at 
700 °C The e\pei ¡mental lesults· ai e also mc luded (filled symbols) 
The dec ι ease in qioMth ι ate with mei easing PJEL l<! desaibed bv 
the model pj¡p=2 5 mToi ι 
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peratures PbO either reacts with ТіСЬ to tomi PbTiO^ or it desorbs 
Fig 5 9 presents the calculated and experimentally observed growth rates of 
PbTiO^ as a function ol the /'TEL a t 7()0°C The model predicts that the growth rate 
increases rapidly with the /?JEL followed by a declining decrease A comparable behav 
lour is suggested by the experimental results 
4 3 2 2 Vai latum of Ti('OC<H7)j pai tial pi essui e 
In the Fig 5 10 the influence ot the pj\p on Rlold\ is plotted with />ты_ 1 S fixed at 
1 1 mTorr The /?toul
 d t
 700°C shows a parabolic type of increase with the ρ\\γ> which 
seems to be in reasonable agreement with the experimental data (although due to the 
limited number of data it cannot be decided if the observed increase vanes linearly or 
in a parabolic way with the pj\p) The growth model also describes an initial parabolic 
increase in the growth rate of PbTiO^ with increasing pj\\> followed by a linear 
decrease, see Fig 5 11 The maximum is reached around a />τιρ of 9 mTorr The experi­
mental data only suggest a linear increase ot the growth rate with increasing pjjp No 
decrease is observed in the experiments but this may be due to the limited value ot the 
TIP partial pressure that can be reached in the actual deposition system The calculated 
decrease is due to the competitive adsorption mechanism At high partial pressures of 
the TIP the adsorption of lead species is suppressed and as a result the θ-ρ, becomes 
larger than the р^ , leading to a reduction in the growth rate ot PbTiO^ 
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Fig 5 10 Total i>iovith ι ate as a function oj the pj¡p A pai abolie t\pe of 
ι in ι ease m the 41 ow th 1 ate 1 s obsei \ ed at 700 and 800°C The 
expei¡mental data v.eie obtained at 700°C and suppoit the model 
cale illations 
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Fig.5.11 Influence of the TIP pai liai pressure on the growth rate ofPbTiOj 
The growth rate initially increases, reaches a maximum and then 
decreases with increasing р-цр. Experimentally only an increase m 
growth rate is observed with increasing ργ/ρ PJEL=1 I mTorr. 
5 32.3 Variation of the oxygen partial pressure 
The influence of the oxygen partial pressure on the deposition of РЬТЮ^ was calculat­
ed with the pjip and /?TLL s e t t o values of 2.5 and 1.1 mTorr respectively. The oxygen 
partial pressure was varied between 0 and 10 Torr. 
Fig.5.12 shows the results for the calculation of Pb/Ti as a function of the oxygen 
о 0 
о 0 
experiments 700"C 
2 0 4 0 6 0 8 0 
oxygen partial pressure [Torr] 
10 0 
Fig.5.12. Composition of the deposit as a function of the oxygen partial pres­
sure at 700 and 600°C Only at very low oxygen partial pressures 
an influence on the composition is observed which is in accordance 
with the experimental data. pjtL and PTIP a r e 1 ¡ and 2.5 mTorr 
respectively. 
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partial pressures at 700 С. It appears th.it the oxygen partial pressure has a negligible 
influence on the composition of the deposit. Only at very low values a marked influ­
ence is calculated. Some experimental data are also included in this figure. The agree­
ment between the experimental data and the model calculations is satisfactory. 
The influence of the oxygen partial pressure on respectively /¿total a nd PbTiO^ 
growth rate was calculated and show that an increasing oxygen paitial pressure leads to 
a slow increase in both Rxou\ and /?рьтю This is not in agreement with the experimen­
tal observations which show a decreasing Rlou\ and Лрьтюі
 w l t n
 increasing /?o->· 
5.4. Discussion 
The growth model seems to qualitatively describe the experimentally observed growth 
dependencies reasonably well using the values for the rate constants as given in 
Table 1 Most of the experimentally observed trends follow also from the model calcu­
lations. It is possible to improve the fits between the experiments and the model for 
example by fine-tuning the values for the rate constants and by introducing appropriate 
scaling factors. 
The model prediction of the growth rate of PbTiO^ levelling-off as a function of 
the deposition temperature (Fig.5.6) is not in good agreement with the experimentally 
observed decrease with the deposition temperature. A decrease in growth rate may be 
obtained when introducing tor example a desorption of TiOiOCirLy)! from the surface 
with a positive energy of about 32 kJ/mole.2 This leads to a decrease in (ТіОт'] with 
increasing temperature and, hence, a decrease in growth rate. An alternative explana­
tion lor the observed decrease may be that in the experimental reactor the rate deter­
mining species is suffering from (homogeneous gas-phase) parasitic reactions occurring 
at high temperature. This would lead to a decrease in the partial pressure ot this species 
and therelore to a reduction in the observed deposition rate. Such effects are not includ­
ed in the present model. 
The calculated growth rate decreases when the TEL partial-pressure is increased 
(Fig.5.8). This effect is due to the competitive adsorption mechanism causing a 
decrease in the number ot available sites for adsorption of Τι-species. The model calcu­
lations show a sharp increase in the growth rate of PbTiO^when the pjtL increases 
trom zero to a small value. Obviously, the growth rate will be zero when the /?JEI. l s 
zero and will initially go to a certain value when /?TEL increases. This initial increase is 
not observed in the experimental data within the applied range of TEL partial pressures: 
obviously the lowest />TEL m t n e experiments was already to large. 
The model prediction for the stoichiometry of the deposits as a function of the 
deposition temperature is in reasonable agreement with the experimental observations 
(Fig.5.5). The experimentally observed Pb/Τι as a function of the temperature decreases 
to the stoichiometric ratio when the temperature increases. At the highest temperature 
of this data-set the Pb/Ti tends to decrease although its value still is unity within experi-
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mental error The calculations predict a slow decrease in the Pb/Τι when the deposition 
temperature is increased On the scale ot Fig 'S S this decrease cannot be observed 
The Pb/Τι versus the /^TFL//'TIP I S predicted less accurate by the model (Fig 'S 7) 
The salutation at the stoichiometric ratio is occurring at higher values foi the /'ІЕІУ/^ТІР 
than experimentally is observed Moieover the Pb/Τι tends to increase slowlv to values 
above unity at high values for />TFL//'TIP I" t n e experiments this effect is not observed 
but it should be noted that the range ot \alues ot /'TELZ/'TIP I S smaller in this case 
In the prediction ot lhe influence ol the oxygen partial pressure the model pro­
duces results that are not in agreement with the expérimental observations In reality it 
is observed that the growth rate slightly increases at decreasing oxygen partial pressure 
It is likely that this ettect is related to the observation that the giowth rale increases 
when the partial pressure of the lead precursor is decreased In other woids it seems 
reasonable to assume that oxygen plays a role in the fractional occupation of the surface 
b\ the surface blocking lead species рь This would imply that oxygen is involved in 
Reaction (4) A decrease in the oxygen partial pressure then would cause a reduction in 
рь which would lead to an increased growth rate of PbTiO^ 
5.5. Summary 
A model describing the growth ot PbTiO^ using TEL TIP and oxygen has been devel­
oped based on a competition between the formation ot PbTiO^ and the evaporation of 
PbO as well as a competitive adsorption between a lead and titanium species The 
growth model qualitatively describes most ot the experimental observations The influ­
ence of the temperature and precursor partial pressures are predicted by the model and 
yield satisfactory fits with the experimental data Changing the oxygen partial pressure 
in the model leads to results that are not in good agreement with the experimental 
observations This indicates that the role ol oxygen m reality is essentially different 
from what has been assumed in the present model It is likely that oxygen also deter­
mines the adsorption of a lead species 
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6. The structure of heteroepitaxial lead titanate layers 
Abstract 
The stimtiue of heteioepitaual (001 ) lead titanate films on (001 ) stimilium titanate 
and (001 ) magnesium oxide has been m\ estimated PbTiO¡ giow s textuied on 
(OOl)M^O and heteioepitaxialh on (001 )SITIO¡ Details of the miciostnutuie aie 
с ompai able hou e\ ei 
Rutheifoid backscatteiuii> spectiomelix (RBS) іііаппеіііпц expeiiments on het­
ei oepitaxial PbTiOi films on (001)SiTiOi ha\e shown that the mici osti ut tui e is domi 
nated b\ the la\ei thickness The cooling ι ate is found to ha\e no influence on the 
muiostiuctuie V'ei\ thin films to about 50 nm thickness show a lelatnely lai ge \alue 
of the minimum channelling \ield wliuh dei teases with inci easing thickness Foi film 
thicknesses between about 50 nm and 100 nm the minimum channelling vield is lela-
tixeh low down to a few °k mdicatn e of hiqh qualit\ epitaxial films If the film thick 
ness exceeds а с liticai xalue of about 100 nm the epitaxial quality detei loiates as can 
be concluded f ι от the shaip inciease in the \alue foi the minimum yield Changes in 
minimum yield aie due to changes m the mici osti uditi e of the film which has been 
studied by tiansmission election muioscopx (ТЕМ) and Χ ι αν diffi action (XRD) ТЕМ 
and {JOOfPbTiOi pole fidine mcasuiements show the piesence of a axis oiiented 
domains shannq {101} twin planes with the с axis matin The \olume JΊaction has 
been estimated fi от θ 2Θ scans as a function of offset m θ Foi thick films the \olume 
¡taction stales with the minimum vield This analysis is confumed b\ юскіпц-width 
measuiements The piesence of non-umfoim ιesidual stiain m the film has been 
analysed fi от bioadening of the (OOl)PbTiO ? diffiac tion lines Details of the 
ime ι osti uc tin e aie con elated w ith the RBS data A tentarne miei pi elation is pi esent 
ed 
6.1. Introduction 
In the previous chapters the growth and growth kinetics ot heteroepitaxial РЬТіОя films 
on (OOl)SrTiO^ have been described The topic ot the present chapter is to describe the 
microstructure of these heteroepitaxial PbTiO^ films in more detail 
The occurrence of lattice strain is inherent to lattice mismatched epitaxial heterostruc 
tures In semiconductors with a diamond-like cubic lattice, this strain may be used for 
the realisation of advanced devices since it has a significant influence on the electrical 
and optical properties of such films Regarding this. Si ι
 v
Ge, on Si(OOl) (electrical)1 
and ІП]
 x
Ga tAsi λ Ρ ν on (OOI)GaAs (optical)2 belong to the best studied systems 
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L.ead lilanute. PbTiOv is a well known perovskite-type ferroelectric material vuth a 
number of potentially important applications. The (ferroelectric) properties ol this com­
pound can be tuned b\ replacing the titanium partially b> /irconium. PbZr (Ti|_,Ch 
Heteroepitaxial PbTiO^t films have been grown by chemical vapoui deposition on 
SrTi(V--\ K T a O A sapphire?, YBa2Cu307 . â /LaAIO^ and on (001 )Mg0.9 '" 
Since a strained system will be energetically unfavourable, relaxation of the strain 
energy, hereafter called strain, may occur. For very thin films the lattice mismatch may 
be accommodated by elastic deformation. If the film thickness increases, the strain will 
accumulate and once it exceeds a certain threshold, depending on the material system, a 
relieve of the strain may occur through the formation of defects.18 A deterioration of 
the crystallinity of the film will be the result. In systems with a tetragonal unit-cell (but 
also in other systems), as is the case here, the strain may also be relieved by the lorma-
tion of twin defects.μ ) In Chapters 3 to 5 the organometallic chemical vapour deposition 
(OMCVD) ol PbTiO, on (OOI)SrTiO, has been described. X-ray diffraction (XRD) 
showed that the с axis of the lead titanate films was oriented along the substiate normal 
and the alignment of the principal axes of the film with those of the substrate was con­
firmed by pole-figure analysis. The epitaxial quality of these films was further demon­
strated by Rutherford Backscattermg Spectrometry (RBS). Using this technique the 
minimum channelling yield in the [001] direction was measured to be about Y/c. in­
dicative of a good epitaxial quality. For comparison, a perfect Si single crystal shows a 
minimum channelhng-yield ol about 2c/<. In some cases, however, a significantly high­
er value for the minimum channelling yield was measured pointing at a lower epitaxial 
quality. In the present study, these changes in minimum yield are systematically inves­
tigated. To this end. PbTiO^ thin films on (OOI)SrTiO} are analysed as a function ol 
layer thickness We will show that the minimum channelling yield is dominated by the 
layer thickness. 
Changes in the minimum yield are attributed to changes in the microstructure 
which has been studied by transmission electron microscopy (ТЕМ). Cross-sectional 
ТЕМ micrographs have revealed the presence of «-axis oriented domains in the (-axis 
matrix. 2 0 These crystallographic domains share the (1011 planes with the matrix. A 
comparable observation of twinning, accompanied by the formation of the «-axis ori­
ented domains, of PbTiO^ films grown on (001 )KTaO^ has recently been reported by 
Erbil et al* They showed that at 550°C strained films could be grown by OMCVD on 
this substrate. Above a film thickness of 30 η m the films contained both domains with 
the t' axis as well as domains with the a axis near to the substrate surface normal. The 
ratio of the volume fractions of a-axis oriented material and off-axis oriented material 
has tentatively been explained by a mechanism involving epitaxial strain.2 1 
In the present chapter the structure of epitaxial (001 )PbTiO^ films with varying 
thickness grown by OMCVD on (OOI)SrTiO, will be studied by RBS channelling. 
ТЕМ and XRD. The influence of growth parameters as well as the cooling rate on the 
microstruclure is investigated. The presence of ö-axis oriented domains and their orien-
tation with respect to the substrate will be inferred from ТЕМ and XRD pole-figure 
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measurements. The volume fraction of the «-axis oriented domains is estimated from 
analysis of Θ-2Θ measurements as a function ot offset in Θ. The data obtained is corre­
lated with the width of rocking curves ol the (001 )PbTiCh reflection. Residual non-uni­
form strain in the films is estimated from the broadening ol the XRD reflections. 
Details of the microstructure are correlated with the RBS data. A tentative interpreta­
tion is presented. 
From the ot point of view ol lattice mismatch, MgO is a less suitable substrate than 
SrTiO} for the growth of heteroepitaxial PbTiOv Indeed textured rather than epitaxial 
growth has been observed.2-- 2 1 Therefore the emphasis in this chapter will be on the 
heteroepitaxial growth of PbTiCh on (001 )SrTiO^, but some results obtained on 
(OOl)MgO are included. Details of the microstructure of PbTiCh films on (001) MgO 
seem to be comparable to that of PbTiO} on (OOI)SrTiOv 
6.2. Lattice-matched crystal growth 
Both PbTiO^ and SrTiCh crystallize in the perovskite-type structure, whereas MgO has 
the rock-salt crystal structure. Apart from the difference in crystal structure, the differ­
ences in lattice constants and thermal expansion coefficients are large as well. SrTiO^ is 
cubic at room temperature with a lattice constant of 3.904 A whereas PbTiO^ has a 
tetragonal structure with a- and /j-axes length of 3.899 A and a r-axis length of 4.152 A. 
The heteroepitaxial growth of (OOI)PbTiO^ on (OOl)SrTiO^ will introduce lattice strain 
in the film (and in the substrate) as a result of the difference in lattice parameters of the 
two materials. In Fig.6.1 the lattice parameters of PbTiOi and SrTiO^ are plotted as a 
function of the temperature. The data for PbTiO^ were taken from Ref.24 and those for 
SrTiO^ were calculated using a reported value for the thermal expansion coefficient.2^ 
The tetragonal to cubic phase transition of PbTiO^, at the Curie temperature Τ,, of 
about 500°C, is evident. 
Above T, the lattice constant of cubic РЬТіОя is about 0.9% larger than that of 
SrTiOv The decrease in the ί/.Λ-axes lengths of PbTiO} with decreasing temperature is 
larger than that of the lattice constant ot SrTiOv Hence, below T
c
 the mismatch 
between the a,b axes of the РЬТіОч film and those of the SrTiO^ substrate becomes 
smaller. The mismatch between the г axis of the PbTiO^ with the in-plane lattice con-
slants of SrTiO·) at room temperature is much larger. This suggests that from a point of 
view of lattice mismatch it is expected that the PbTiO^ will grow with its с axis orient­
ed perpendicular to the (OOI)SrTiOi substrate surface. The mismatch at room tempera-
lure then is only 0.13% along the principal in-plane axes of the substrate. The strain 
induced by the lattice mismatch may be partly accommodated for by the formation of 
dislocations or by the formation of α-axis oriented domains in the (-axis matrix. Under 
the assumption that all the strain is accommodated for by the formation of a-axis orient­
ed domains, a simple estimation tells that for a film grown at 700°C an optimal lattice 
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F ig.6.1. Lattice constants for PbTiOj and SrTiOj as a function of tempera­
ture. 
fit with the SrTiC>3 at room temperature is obtained if about 34% of the film consists of 
a-axis oriented domains. Here it is assumed that an optimal fit between the cubic lat­
tices of РЬТіОз and БгТіОз is present at the growth temperature. 
Since the difference in lattice parameters of РЬТЮз and MgO (4.21 A) is relatively 
large a prediction of the heteroepitaxial relation between the two lattices is very tenta­
tive. Р0ТІО3 is reported to grow on (OOl)MgO in two preferential orientations, viz. 
(001) and (100).I 2 We note however, that a bilayer structure with an α-axis oriented 
layer confined to the interface and a r-axis oriented layer near the surface of the film 
has been reported as well.1·1 
6.3. Experimental 
The РЬТіОз films were grown by OMCVD using the apparatus and growth procedure 
as described in the Sections 2.1 and 4.2 (see also Ref.26). РЬТіОз films with thickness­
es between 6 and 320 nm were fabricated on SrTi03 by varying the growth lime while 
keeping all the other parameters constant. In the following this set of films will be 
referred to as Set A. The growth conditions are presented in Table I. Films that were 
grown in a study of the growth kinetics (see Chapter 4 and Ref.26) are included as a 
separate set, referred to as Set B. Films of set В were grown using a range of precursor-
and oxygen partial pressures resulting in a range of thicknesses. Only the films that 
were grown at 700°C and that have the correct cation stoichiometry are included here. 
After the deposition the heater was switched off and the samples cooled down to room 
temperature. The cooling rate was the same for all samples. For Р0ТІО3 films deposited 
РЬТІОЗ 
a,f>axis 
SrT¡03 
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Table I Giowth paiameteisjoi the Sets A and В 
Growth parameter 
Temperature 
Reactor pressure 
Substrate 
Total gas How 
Oxygen 
Pb(C,Hs) 4 
Т.( 'ОС,Н 7 ) 4 
Time 
Set A 
7СХГС 
12 Torr 
(OOl)SrTiOi 
(OOl)MgO 
500 seem 
4 Torr 
1 2 niTorr 
1 8 ltiTorr 
2 5 120 minutes 
Set В 
7СХГС 
12 Torr 
(OOl)SrTiOi 
500 seem 
1 5Torr 
0 1 1 7 mTorr 
0 7 4 2 mTorr 
10 minutes 
onto the (OOI)MgO the growth conditions of Set A were used 
All the РЬТЮя films on (001 )SrTiO^ exhibited a specular and colourless appear 
ance The dim thickness and cation stoichiometry were obtained from RBS measure­
ments using 2 MeV He+ ions For calculation of the film thickness a surface density of 
7 9 1015 atoms/cm- was used Using the conditions ot Set A a growth rate of 156 nm/hr 
is obtained Within the accuracy of the RBS analysis (±5%) the Pb/Τι ratio for all films 
of Sets A and В was unity Since RBS is relatively insensitive for the lighter elements 
like oxygen no reliable data on the stoichiometry of this element could be obtained 
Phase identification was carried out with a Philips PW1800 X ray di f f Tactometer 
using monochromatized CuKa radiation A representative -2 scan is presented in 
Fig λ 4 The ditfractogram shows only (00/) reflections of PbTiO^ and (00/) reflections 
ot the (001)SrTiO3 substrate The CuKaj and CuKa? components are clearly resolved 
It should be noted that (Λ00) reflections of the PbTiO^ film, it any, coincide with the 
(00/) reflections ot the substrate Fig 3 4 shows that the width ot PbTiO^ reflections 
strongly increases with increasing diffraction angle This may be due to the presence of 
a grain size etfect and/or to a non unitomi strain in the film27 as will be discussed sep­
arately below 
The epitaxial quality of the films was first investigated with RBS channelling 
experiments The minimum channelling yield was obtained tor the (001 ] direction of 
the film The yield was calculated using the lead signal at the film surface position In 
order to interpret different values for the minimum yield, detailed information on the 
microstructure is required To this end ТЕМ and specialised XRD measurements were 
performed ТЕМ analysis were performed on a Philips CM30 SuperTWIN electron 
microscope operating at 300 kV The sample preparation of the plan-view and cross 
sectional ТЕМ specimens is described elsewhere 2 2 ТЕМ measurements showed the 
presence of misfit dislocations as well as the presence of α-axis oriented domains The 
tilt of the α-axis domains as well as the major texture components of the whole film 
were studied qualitatively by XRD pole-figures and by measuring the width of rocking 
curves A more quantitative determination of the volume fraction of the a-axis oriented 
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domains was obtained from Θ-2Θ scans as measured as a function of offset in the θ 
value. This approach may be used to separate two or more coinciding reflections which 
have a difference in rocking width Due to the offset, crystallographic planes are rotated 
out of the reflection condition. If the rocking width ot the substrate reflection is smaller 
than that of the thin film, the substrate reflections will disappear while those ot the film 
remain, although they generally will have a lower intensity as compared to the zero off­
set condition In the present case this approach is used to rotate the α-axis oriented 
domains, which have their α-axes some 4° off-axis with the substrate surface normal, 
into the diffraction condition The rocking curves and the Θ-2Θ scans with an offset in θ 
were measured using a Philips PW1710 based diffractometer 
6.4. РЬТіОз on (001) S r T i 0 3 
6 4 1 RBS analysis 
The random and channelled RBS spectra of representative films with a thickness of 
respectively 6, 104 and 320 nm are given in Fig 6 2(a-c) Good agreement between ran-
dom-and simulated spectra ot stoichiometric РЬТЮ^ was obtained (not shown) The 
epitaxial quality ot the films can be inferred from the RBS channelling measurements 
Energy 
t 
1 
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hig62 The landom and chan­
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Fig 6 2 shows large differences in the minimum channelling yield The thickest film 
exhibits a minimum channelling yield of 49%, see Fig 6 2(c) We note that the mini-
mum yield shows a relatively sleep incredse going trom the surface of the PbTiO^ film 
towards the РЬТіОз/SrTiO^ interface This may indicate that the film quality improves 
during growth Fig 6 2(b) shows that the minimum channelling yield tor the 104 nm 
thick film is only 2% In calculating this value the peak at the surface, due to surface 
reconstruction, is not included The low value for the minimum channelling yield indi­
cates a high quality epitaxial film Rather surprisingly, Fig 6 2(a) shows that the mini­
mum channelling yield for the thinnest film amounts to 33% This value lor the mini­
mum yield is too large to be attributed to a surface reconstruction and, therefore, must 
be due to the microstructure of the film 
In order to study systematically the epitdxial quality of the films as a function of 
the thickness, all the films of Set A and Set В were channelled in the [001] direction 
The minimum channelling yield obtained is plotted as a function of film thickness in 
Fig 6 3 For both sets a comparable behaviour is observed implying that the film thick­
ness rather than the growth parameters is the major factor determining the value tor the 
minimum channelling yield Phenomenologicdlly, three regions may be distinguished, 
wr Region I to about 50 nm, Region II form 50 nm to dbout 100 nm, dnd Region III for 
thicknesses ldrger than 100 nm The very thin films of Region I show that the minimum 
channelling yield decredses with increasing thickness For film thicknesses between 
about 50-100 nm thickness, Region II, the minimum channelling yield is relatively low, 
down to a few %, indicative of high quality epitaxial films However, if the film thick-
0 5 0 100 150 200 250 300 350 
Th ckness [ n m | *· 
Fig 6 ? Minimum channelling yield as a function of the film thickness The 
film thickness was \aned hy changing the i>iowth time (full 
squaies) 01 h\ changing one of the qiowth pai ame tei s (open 
squaies) TIn ее chciiacteiistic tenions m thickness aie ohsei \ed 
Onh in Region II with a film thickness between 50 and 100 nm iel 
am eh low \ alites foi Х
тт
аіе absei \ ed 
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ness exceeds a critical value of about 100 nm, Region HI the epitaxial quality deterio-
rates as can be concluded from the sharp increase in the value for the minimum yield 
In order to interpret the values ot the minimum channelling yield as function of the film 
thickness details ot the microstructure, e i> the presence of misfit dislocations, of resid-
ual strain, and the volume traction of a axis oriented domains, are required To this end 
ТЕМ and specialised XRD measurements were performed However, first the influence 
ot cooling rate on the minimum channelling yield was investigated 
6 4 11 ¡nflitem e of the cooling iule on channelling \ielcl 
In order to investigate the influence of the cooling rate on the microstructure of the 
film, one sample was repeatedly heated to 700°C and cooled to room temperature using 
different rates The minimum channelling yield of this sample as deposited was 28% 
The sample then was heated to 6S0°C, well above the Curie temperature kept there tor 
one hour and then cooled down to 2<Ю°С using a cooling rate of ГС/ттип The cooling 
rate from 250°C to room temperature was even less due to the large heat capacity ot the 
oven The RBS spectrum of this annealed sample showed practically no difference with 
the as deposited sample Film thickness and composition were unchanged and the mini­
mum channelling yield in the |001) direction was 28% indicating that no large changes 
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Fig 6 4 RBS ι andom and channelled spei ti a of a 280 nm tlm к film deposit­
ed at 700 °C and с ooled at diffei ent ι ates Es\entiall\ no influent e 
of the сооііпц ι ate on the channelled RBS spedi urn is obsei\ed 
This indicates hat the mici ostine tuie is ¡manant to the сооііпц 
tate 
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in the microstructure had occurred, see Fig.6.4. The sample was heated once more to a 
temperature well above the Curie temperature but this time it was taken out of the oven 
and immediately placed on a heat sink. The sample cooled down to room temperature 
within about 30 seconds. As a result of the high cooling rate, the sample showed some 
cracks. Again the RBS spectrum of the sample was recorded and also in this case no 
significant differences with the spectrum of the as deposited sample were observed. 
Hence, it can be concluded that the cooling rate has no influence on themicrostructure 
of the heteroepitaxial РЬТіОз thin films. 
6.4.2. ТЕМ analysis 
In order to reveal the cause of the increase in minimum channelling yield, xm¡n , with 
increasing thickness two films having extreme values of respectively 5 and 24% for 
Xmin w ' th a thickness of respectively 107 and 151 nm (taken from Region II and III 
respectively) were examined using both plan-view and cross-sectional ТЕМ. The plan-
view images of the two films are presented in Figs.6.6(a) and (b) respectively. The 
107 nm thick film from Region II with the low value for the minimum channelling 
yield, Fig.6.5(a), appears to contain misfit dislocations. Only a very small volume frac-
ai b) 
Fig.6.5. Plan-view ТЕМ views of films with a thickness of 105 nm and a low 
value for %m¡„, 5% (a) and with a thickness of 151 nm and a high 
minimum yield, 25% (h). For both films misfit dislocations are 
observed. The film with the high value for χ„„„ shows a high density 
of α-axis oriented domains in comparison with the film with the low 
Xmin. 
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tion of the film consists of α-axis oriented domains. In the case of the 151 nm thick film 
from Region III with the high value for the minimum channelling yield, plan-view 
ТЕМ reveals the presence of misfit dislocations as well, see Fig.6.5(b), but additionally 
a substantial volume fraction of the film consists of α-axis oriented domains. These 
domains are oval shaped and are oriented along perpendicular directions. These ТЕМ 
measurements suggest that the value for the minimum channelling yield correlates with 
either the number of misfit dislocations or the volume fraction of a-axis oriented 
domains in the matrix. Considering the relative abundance of the latter in Fig.6.5(b) this 
seems to be the most probable cause for the relatively high value of the minimum yield. 
We note that this is supported by data for PbTiO^ films grown heteroepitaxially on 
(001 jKTaOv1 In this case also the formation of ¿/-axis oriented domains was observed 
and the relatively high value for the minimum channelling yield of 40% was attributed 
to this twinning. 
The formation of the α-axis oriented domains in the PbTiO^ film is most clearly 
shown in cross-sectional ТЕМ images. A typical example is presented in Fig.3.7. The 
α-axis oriented domains appear as wedge shaped domains bounded by twin planes in 
the r-axis matrix. High resolution images of these domains confirmed the sharing of the 
(101) plane of both orientations.20 In Fig.6.6 a schematic of this structure containing 
a axis- as well as r-axis oriented domains bounded by a (101) twin plane is presented. 
A consequence of this common (101) plane is that the 1100] direction of the α-axis 
domains is some 3-4° off with the surface normal. The offset corresponds to two times 
the tetragonal distortion. A shift of 3.7° from the 45° axis is calculated for a tetragonali-
ty of c/a= 1.065. The in-plane alignment of the с axis of the α-axis domains is along the 
principal axes of the substrate. This implies that four sets of these ( 1011 domains are 
present. The plan-view ТЕМ shows that these four sets all appear with equal probabili­
ty, see Fig.6.5(b). 
c, [001] 
(101) 
twin plane 
a, [1001 
θ offset [001] 
Fig.6.6. Schematic of the structure of the a- and c-a.xis oriented domains 
with the (101) twin plane. The sharing of the (101 J plane results in 
an offset of the a-axis of the a-a.xis oriented domains of about 4 ° 
with the с axis of the matrix. 
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6.4.3. XRD analysis 
6.4.3.1. Pole figures 
In Fig.6.7 the pole figure of the (ІОО)РЬТіОз reflection of a 150 nm thick film, repre­
sentative of Region III, on (001)SrTiO3 is presented. The α-axis oriented domains 
appear in the {100) pole figure as four rather broad maxima separated by an angle of 
90° and at an off-set Ψ of about 2.5°. This is in agreement with the ТЕМ measurements 
discussed above. The substrate peak appears as a single sharp reflection at a position 
slightly off-centred. This off-centre position of the substrate reflection is probably due 
to either a slight misalignment of the substrate or to the fact the с axes of the film and 
the substrate are not perfectly aligned. The reason is not yet understood. Measurements 
of the ( 100) pole figure were also performed for films from Regions I and II. In these 
cases, even using data acquisition times of up to 10 hours, no signs of α-axis oriented 
domains were observed. 
Fig.6.7. Pole figure of 2Θ=22.97° showing the (001 )SrTiOj refection close 
to the centre of the plot and the (lOO)PbTiOj refections appearing 
as four spots separated by 90 °. 
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The occurrence ol the α-axis oriented domains can also be seen in the rocking curve for 
29=22 80°, see Fig 6 8 In addition to the (OOl)SrTiOi reflection four additional reflec­
tions are observed which are attributed to the α-axis oriented domains. 
In general a misalignment between a crystallographic direction and the sample's in-
plane rotation axis (φ-axis) leads to a sinusoidal variation ot the angular position of the 
rocking curve maximum as a function ol φ, provided that the misalignment is smaller 
than the axial divergence of the x-ray beam (=3°). In the present case the «-axis orient­
ed domains represent four crystallographic directions, symmetrically distributed around 
the substrate crystallographic direction, which is approximately parallel to the φ-rota-
tion axis. This leads to a superposition of four sinusoidal variations of a rocking curve 
maximum, shifted over 90° in φ. As a result, depending on the in-plane position φ, two, 
three or four peaks originating from the α-axis oriented domains can be seen in a rock­
ing curve in addition to the substrate peak 
Contrary to the rocking curve tor the (100) reflection, the rocking curve for the 
(OOl)PbTiO^ reflection only showed a single reflection. The measured full width at half 
maximum of this reflection is 0.69° and that of the (OOI)SrTiOi reflection 0 12°. The 
rather large rocking curve width for the РЬТіОз film as compared to that of the SrTiO^ 
substrate points at a rather low epitaxial quality. This may be in agreement with the 
high value for the minimum channelling yield ot 47 Vc. In order to systematically study 
a relation between epitaxial quality and width of the rocking curves, rocking curves 
were measured for a few films with different thicknesses. The rocking width of the 
(OOl)PbTiOi reflection as a function of the thickness of the РЬТіОч layer is presented 
in Fig.6 9. For a thickness below 100 nm the rocking width increases only slightly with 
increasing thickness. However, above 100 nm thickness a large increase in rocking 
width is observed This indicates that the epitaxial quality deteriorates for film thick-
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nesses larger than about 100 nm. We note that a similar conclusion was drawn from the 
increase in minimum channelling yield with increasing layer thickness, as shown in 
Fig.6.3 and discussed above. 
6 43.3 Θ-2Θ sc ans with offset in θ 
In order lo quantily the volume Traction of «-axis oriented domains the films were 
examined with XRD measurements using an offset in Θ. In a regular Θ-2Θ scan with 
zero offset in Θ, only the planes parallel to the substrate surface are in the ditfraclion 
condition. This then holds for the (()()/) planes of both the PbTiO^ film and the SrTiO^ 
substrate. The cv-axis oriented domains in principle do not give any diffraction intensity 
since they are oriented approximately 4° ofl-axis with the substrate normal. Moreover, 
even if they would contribute to the intensity, the peak position would coincide with the 
substrate reflection. However, when using an offset in θ of around 4° the (/;00) planes 
of the w-axis oriented domains are in diffraction and will thus contribute to the mea­
sured diffraction pattern. This effect is demonstrated in Fig.6.10. In this figure Θ-2Θ 
scans of a PbTiO^ him ol 320 nm thickness are presented as a function of increasing 
offset in . At zero offset the diffraction pattern shows around 20=21.55° the (001 ) 
reflection of the PbTiO^ (ihn, appearing as a rather broad reflection, and at 20=22.80° 
the (00l)SrTiO3 substrate reflection, appearing as a sharp peak with both the CuKot/ 
and CuKob components clearly resolved. With increasing offset in θ the intensity of 
(OOl)PbTiO^ reflection first slightly increases. This may indicate that the с axis makes 
a small angle with the surface normal but experimental errors cannot as yet be ruled 
out. With increasing offset in Θ, the intensity decreases relatively fast up to an offset of 
1.5° followed by a very slow decrease. Even at an offset ol 3° still a (very) small inten­
sity of this diffraction is observed. Л completely different behaviour is observed for the 
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the offset in θ as determined from the ( 100) pole-figure analysis. The data obtained is 
presented in a more quantitative way in Fig.6.1 I. Here the intensities of the (001 ) and 
(100) reflections are plotted as a lunction of the offset in Θ. From the intensity ratio ol 
the maximum ot the ( M)0)PbTiCh reflection and that of the (001 )PbTiCh reflection, the 
volume fraction ol a-axis domains in the с -axis matrix is estimated. Since four equiva­
lent orientations of the c/-axis domains are present in the f i l m , as observed in plan-view 
Т Е М measurements and | 100) pole figures, and since in average only one orientation 
contributes to the di lfraction intensity, the measured intensity ratio must be mult ipl ied 
by a factor of four to obtain the actual volume fraction of a- axis oriented domains. For 
the present f i lm with a thickness of 320 η m a volume fraction of \lc/c was obtained. 
Using this procedure the volume fraction ot α-axis oriented domains was estimated 
for all f i lms of Set A. In Fig.6.12 the calculated volume fraction is presented as a func­
t ion o f thickness of the PbTiO-t f i l m . For f i l m thicknesses below 50 nm no c/-axis 
domains could be observed using the θ-offset approach. Only above a thickness ol 
about 100 nm the «-axis domains appear in the θ-offsel scans and their volume fraction 
was found to increase with thickness to about \T7< for a f i lm thickness of 320 nm. We 
note that quantitative analysis of ( 100) pole-figures leads to comparable results. These 
numbers are not unambiguous however. 
6 4 .? 4 Strain analysis 
For ferroelectric materials w i t h the perovskite-lype crystal structure, there are three 
possible causes for broadening of diffraction lines as measured in a regular Θ-2Θ scan. 
The broadening of the X-ray diffraction lines may be due to non-uniform strain and/or a 
grain size effect.- 7 However, in the case of perovskite-type ferroelectric materials an 
additional cause for peak broadening exists due to the phenomenon that the telragonali-
ty depends on the crystallite s i z e . - 8 1 " For very small crystallite sizes the tetragonal unit 
X6 ( Ішри ι <ι 
cell tends to become cubic Stated differently, the ratio ot the < - and «-axis lattice con-
slants goes to unity In the case ot PbTiCh a sigmlicant deviation of the da ratio liom 
the bulk value is observed tor particles smaller than about 30 nm ~l) 1(1 This implies that 
il a film has a distribution of ciystallile si/cs a spread in tetragonahty through the film 
may occur The result may be a spread in lattice spacings, which is rellected as an addi­
tional broadening ot the X-tay diffraction lines The dependence of tetragonahty on 
crystallite size hampers a reliable calculation of the strain and particle sizes in a fer­
roelectric film from the broadening of the XRD peaks Various ways have been evalu­
ated 1 1 tor the estimation of the average crystallite si/es and strains in thin lilms but 
since they qualitatively all yield comparable results, the simplest approach is chosen In 
this approach only the contribution ot the strain to the line broadening is explicitly 
included 
и = д
і
и ^ + и - „ ( / ш (I) 
where и is the FWHM in degrees ot the X ray diffraction peak I\Q IS the natural' 
broadening (including instrumental effects) and и
Ч І М Ш
 is the broadening due to a non­
uniform strain in the films It should be noted that a contribution to the diffraction line-
broadening due to a small crystallite size is not explicitly included in this equation Its 
contribution, if any. is included in the value tor и^ For РЬТіСЦ films on (00l)SrTiÜ3 
which are epitaxial this seems to be a reasonable assumption However, PbTiO^ films 
on (OOl)MgO consist ot individual crystallites The diffraction lines of РЬТіО^ on this 
substrate generally are asymmetrical and much broader than those of PbTiOi films 
grown on SrTiO^ In the case of РЬТЮ^ films on (lOO)MgO effects of particle size may 
be significant w In the present chapter the XRD strain-analysis is lestncted to PbTiO^ 
films on (OOl)SrTiOi The contribution of the strain. n
s l r a i l l to the line broadening is 
given by 
"st,am =2~J- Ιάηθ (2) 
In this equation d is the lattice spacing. Ad the variation of this spacing due to strain and 
θ the diffraction angle Substitution ot Eq (2) into Eq ( 1 ) yields 
' -> (^AclY τ „ ,, 4 
и = / " о + 2 — tan" θ О) 
Thus plotting и - versus the tan-θ for a set ot (00/) reflections should yield a straight 
line From the slope of this line a value for Adld may be derived and from the intercept 
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the broadening of the (()()/) diffraction peaks using Eq.(3). In Fig.6.14 the calculated 
values of Ad/d are plotted as a function of the film thickness. Data obtained for Set A 
and Set В are comparable. This indicates again that the film thickness rather than the 
growth parameters is the major parameter determining the microstructure of the films. 
The absolute values derived for Ad/d may indicate that a significant amount of non-uni­
form strain is present in the films. Very thin films show relatively large values for the 
non-uniform strain. With increasing film thickness the amount of strain initially 
decreases but increases above a critical thickness of about 100 nm. For the very thin 
films also relatively large values for w() are observed indicating that other than strain 
effects induce broadening of the diffraction line.30 Above about 50 nm thickness the 
value for w0 is around 0. Г (which is in the range of the instrumental resolution) and is 
virtually independent of the film thickness. 
6.5. PbTiO3on(001)MgO 
The large differences in lattice constants and thermal expansion thereof between 
РЬТіОз and MgO prevents the formation of epitaxial films. Instead only a textured 
growth is observed. 12,13.30 д scanning electron micrograph of a typical PbTiO^ film on 
(001 ) MgO is presented in Fig.6.15. The film consists of individual crystallites, all with 
approximately the same orientation with respect to the substrate, rather than an uniform 
film. Despite the large differences in surface morphology of РЬТІО^ films on MgO and 
SrTiO^, ТЕМ investigations revealed that the microstructure of the individual РЬТіОз 
crystallites on the (001 )MgO showed similarities with the films on SrTiO^. 
Fig.6.15. Scanning electron microscopy image of the surface morphology of 
a PbTiOj layer deposited onto (00J )MgO. Island growth is 
observed. 
The structure of heteroepitaxial lead tita nate layers 89 
Fig.6.16. Cross-sectional ТЕМ image o f a PbTiO j layer deposited onto 
(OOl)MgO. Discontinuities in the PbTiO3 film can be observed. The 
white spots in the substrate that coincide with these discontinuities 
are most likely due to the ТЕМ specimen preparation. In the c-axis 
oriented PbTiO¡ film α-axis oriented domains are observed. 
A cross-sectional ТЕМ image of a PbTiO} thin film on (OOl)MgO is presented in 
Fig.6.16. The image confirms that the film consists of individual crystalline domains 
separated by clear boundaries (generally it was observed that the occurrence of such a 
discontinuity in the film coincides with some irregularity in the substrate. The latter 
show as white spots in the substrate and are most likely due to the ТЕМ sample prepa­
ration). Discontinuities in the РЬТіОз film were never observed in РЬТіОз films on 
(001)SrTiO3. The micrograph also shows the presence of wedge shaped a-axis oriented 
domains which make an angle with the surface normal of about 45°. A high-resolution 
cross-sectional ТЕМ image of the РЬТіОз/MgO interface is presented in Fig.6.17. The 
«-axis oriented domains persist throughout the whole film and are separated from the 
c-axis domains by (101) twin-planes, comparable to what was observed for РЬТіОз 
Fig.6.17. High resolution cross-sectional ТЕМ image of the structure of the 
PbTiOj/MgO interface. PbTiOj grows with its с axis perpendicular 
to the (OOI)MgO surface. 
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films on SrTiO} A bila>ei structure with a axis oriented material near the MgO inter 
tace and < axis oriented domains on the surface outside ot the tilm as was reported by 
Gao el al l 1 was never obsei ved Only in some cases an unclear structure was observed 
close to the interlace Presumably, this is due to accommodation in the first monolayers 
of the misfit in lattice constants The result is an amoiphous-hke structure Alternative­
ly MgO is known to be hygroscopic and the quality ol the top layers may have been 
deteriorated during the deposition process 
In agreement with the ТЕМ observations regular Θ-2Θ XRD scans ot PbTiOi films 
on (OOl)MgO show both the (00/) and the (//00) PbTiOi reflections The intensity ot 
the ( 100) peak was typically about 20<7r ot that of the (001 ) reflection We note that the 
orientation of the a axis oriented domains is oft by 3° from the surlace normal assum­
ing the Í axis is along this direction The (/Ю0) planes are not in diftiaction and in pnn-
ciple, they should not contribute to the diffraction intensity Only due to the very broad 
locking widths ol these reflections to be discussed below they appear in the Θ-2Θ pal 
tern 
Typical rocking curves ot the (lOO)PbTiO^ reflection are presented in Fig 6 18 
a 10 2 4 
t) Idegrees] —»• 
hi^ô ¡<H Roikino, cunes of the (001) lefUctions of a PbliOi film on 
(001 )Mt>0 The с in \ es пае ι e< οι (led at join in plane οι tentations 
of the sample Oh\ tonsh both the position as и ell as the numhei of 
peaks in the path ι η depend on tin s in-plane οι tentât ion 
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The rocking curves were measured at tour in plane orientations of the sample The 
number of peaks appearing in the rocking curves as well as their exact position clearly 
depends on this in-plane orientation The rocking curves show up to four peaks, as 
expected from the presence in the him of fourfold degenerate ¿/-axis oriented domains 
Depending on the in-plane orientation of the sample two reflections may coincide 
Then only two or three peaks with relatively higher intensity remain 
6.6. Discussion 
The main conclusion of the present analysis is that the microstructure of stoichiometric 
PbTiO} films on (001)SrTiO3 is dominated by the layer thickness This is clearly 
demonstrated in Fig 6 ~Ί where the minimum channelling yield is presented as a func­
tion of layer thickness The mismatch in lattice constants and thermal expansion thereof 
between PbTiOi and SrTiOi cause strain in the film This strain can be accommodated 
for by the formation of misfit dislocations and by ¿/-axis oriented domains embedded in 
the ( axis matrix The occurrence of these relaxation mechanisms is reflected in the 
microstructure of the film, and at the same time, it leads to an unambiguous increase of 
the minimum channelling yield The dependence of minimum yield on layer thickness 
implies that the lattice mismatch in films with different thicknesses is relieved by dil 
terent relaxation mechanisms In order to analyse the strain relaxation we investigated 
the microstructure by ТЕМ- and specialised XRD measurements 
ТЕМ and | 100|PbTiOi pole figure measurements show the presence of ¿/-axis ori-
ented domains embedded in the ¿-axis matrix An estimation of the volume fraction of 
«-axis oriented domains was obtained by measuring θ 2Θ scans as a function of offset 
in θ The volume fraction is negligible for films of Region I and Region II However, if 
the lilm is thicker than about 100 nm, Region III, the volume fraction sharply increases 
Actually, tor films of Region III the minimum channelling yield is proportional to the 
volume traction of α-axis oriented domains This suggests that for this region this effect 
is the dominant relaxation mechanism 
An increase in volume fraction of ¿/-axis oriented domains is attended by a simulta 
neous increase of the width of the rocking curve of the (ООІ)РЬТіО^ reflection The 
reason is that formation of the a axis domains leads to a division of the matrix into 
small individual domains which all may have a slightly different orientation with 
respect to the surface normal This is reflected as a broadening in the rocking width 
The lattice mismatch is not completely accommodated for by the formation ot 
a axis oriented domains A significant amount of non uniform residual strain is present 
in the film This is not unexpected The maximum volume fraction of ¿/-axis oriented 
domains was estimated to be about 17% This number is significantly lower than the 
volume fraction of 34% as calculated using a simple geometrical approach, see 
Section 6 2 This indicates that the strain due to the lattice mismatch is only partly 
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relieved by the ioimation ol the a axis oiiented domains The residual strain was 
analysed trom broadening ot the (OO/jPbTiO^ dithaUion lines as measured in tegular 
θ 2Θ scans Data obtained were plotted as a function of layer thickness Although rela 
lively large variations in residual strain were obtained qualitatively the data show a 
similar behaviour as the minimum channelling yield The very thin films of Region I 
exhibit a significant increase in Ad/d which decreases with increasing layer thickness 
Films ot Region 11 exhibit the least amount ot residual strain Finally, the films with a 
thickness larger than about 100 nm Region 111 all show a certain amount ot residual 
strain 
The data above can be interpieted in the lollowmg way At (he growth temperature 
the PbTiOi film has an optimal geometrical tit to the SrTiO^ substrate The mismatch 
in lattice constants at 7()()°C amounts to +0 9% At room temperature the mismatch 
between the a-axis of РЬТіСц and the in plane lattice constant ot SrTiO^ amounts to 
-0 1 Wr This change in lattice mismatch has to be accounted tor The strain in the film 
increases with layer thickness Analogously to reported epitaxial growth of other lattice 
mismatched heterostruclures, e t; Si] ,Ge
v
 on (001 )Si', in first approximation it is 
expected that for thin PbTiO^ films the lattice mismatch leads to strain in the film 
which increases with layer thickness However, above a critical thickness the strain is 
relieved by the formation ot a axis oriented domains This should be reflected in a 
minimum channelling yield which is low for very thin PbTiO^ films slowly increases 
with increasing thickness, and sharply increases above this critical thickness For 
PbTiOi on (OOl)SrTiOi this explains the data for Region II and Region III Recently 
the occurrence ol α-axis oriented domains was reported to have no influence on the 
minimum channelling yield ^ However no data were given on the volume tractions of 
the a axis domains 
For the very thin films, Region I, the situation is more complicated A low mini­
mum yield is expected while a high minimum yield is observed The tentative interpre 
tation is that the crystal structure of the very thin PbTiO^ films becomes more cubic 
For РЬТіОз particles smaller than 30 nm, a significant deviation of the с/a ratio from 
the bulk value has been reported 2 9 1() We note that in the XRD patterns of the very thin 
films indeed a shift of the (001) reflections to higher angle is observed which indicates 
that the (-axis length decreases Consequently, the very thin films are highly strained 
which may give rise to a high value of the minimum channelling yield With increasing 
film thickness the deviation from the bulk ila ratio and hence, both the strain and the 
minimum channelling yield decreases, as experimentally observed We note, however, 
that more detailed analyses of the very thin films ot Region I are required 
In good agreement with the tentative model discussed above, the cooling rate is 
shown to have a negligible influence on the microstructure of the PbliOi films The 
cooling rate in this simple geometrical approach basically does not have an influence 
on the extent ot «-axis domain formation Only if the mismatch relaxation phenomena 
take place on a comparable time scale as the cooling rate, an influence of the latter on 
the microstructure ot the РЬТЮ^ film can be expected We note that an influence of the 
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cooling raie on the infrastructure of PbTiOi films has been reported For РЬІіОя thin 
films grown on с-axis oriented YBa^CuiC^ j a decreasing volume traction or a axis 
oriented domains with increasing cooling rate was claimed However, the reported 
effect was small and the effect was obseived for different samples of which the thick­
nesses were not given 1 2 Another paper îeports on the influence ol the cooling rate on 
the thickness of an a axis oriented interlace domain of a bilayered structure of РЬТЮ^ 
films grown on (OOl)MgO n Howevei. ТЕМ measurements on the present PbTiO^ 
films both on (OOl)SrTiO^ and on (OOI)MgO never showed the presence ol a bilayer 
structure Actually PbTiO^ films on (001 )Mg() consist of individual crystallites all 
with approximately the same onentation to the substrate rather than a unilorm film 
ТЕМ measurements showed that the individual crystallites contain «-axis domains 
comparable to PbTiO, films on (OOl)SrTiO-j 
6.7. Summary and conclusion 
The structure of PbTiO^ thin films grown by OMCVD has been investigated Preferen­
tial growth has been observed on (001 )MgO and epitaxial growth on (001 )SrTiOi 
Details of the microstructure are comparable however 
The miciostructure of stoichiometric РЬТіОч films on (OOI)SrTiO^ is dominated by 
the layer thickness The cooling rate is shown to have a negligible influence on the 
infrastructure Phenomenologically. three thickness regions can be distinguished For 
ver> thin films to about 50 nm, Region I the microstructure seems to be dominated by 
size effects A tentative interpretation is based on the observation that the crystal struc­
ture of these films becomes more cubic resulting in a larger mismatch with the 
SrTiOi 1 0 This is reflected in high values for the minimum channelling yield and in rel­
atively large values for Ad/d and the broadening, n„ With increasing film thickness the 
deviation from the bulk crystal structure decreases and hence both Ad/d w() and the 
minimum channelling yield decrease as experimentally observed We note, however, 
(hat more detailed analyses of films of Region I are required 
For film thicknesses between about 50 nm and 100 nm Region II, the minimum 
channelling yield is relatively low, down to a few c/c, indicative of high-quality epitaxi­
al films However, if the film thickness exceeds a critical value of about 100 nm, 
Region III, the epitaxial quality deteriorates Above this thickness the films contain 
a axis oriented domains embedded in the с-axis matrix The volume fraction of these 
domains is negligible for films of Region I and Region II and sharply increases with 
thickness lor lilms of Region III In this region the value for x
mm
 is proportional to the 
volume fraction of a axis oriented domains This suggest that for this region the forma­
tion of a-axis oriented domains is the dominant relaxation mechanism A significant 
amount of non-uniform residual strain still is present in the films of Region III indicat­
ing that lattice mismatch is not completely accommodated tor by the formation of the 
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«-axis oriented domains This may indicate that formation of «-axis domains only 
occurs above a certain temperature. The mismatch in thermal expansion below this 
temperature then leads to strain in the film. 
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7. Effects of crystallite size in lead titanate thin films 
Abstract 
The lattice constants of teli agonal PbliO\ 41 own b\ 01 цапотеіаіііс chemical \apoui 
deposition \ai\ with u\eiat>e ciwtallite size m the thin film as clctei mined fi от line 
hioaclcmnt> in X ia\ diffiaction patterns The a- and с lattice constants become equal 
when the a\cia\>e ciwtallite size dea eases to below ~S nm These data α ψ ее with the 
с Іюнце in lettile e constants as a function oj a\ eiai>e с ι s stall ite size found 1 ее cutis foi 
sub mu 1 on PbTiOi. pow dei s 
7.1. Introduction 
The interest in the technological application ot ferroelectric thin films calls for an 
understanding ol the properties ol such films Since it is well known for powder materi­
als1 that ferroelectric properties vary with average crystallite size, comparable ellccts 
are also expected in thin films This is ot importance if the aim is to develop lerroelec 
trie memories with very small capacitors If the capacitor sizes become too small, either 
in lateral direction or in thickness, the ferroelectric properlies may change and the 
device characteristic will also change 
For ferroelectric thin dims several studies have been reported dealing with the 
influence of film thickness on ferroelectric properties 2 In this study we have chosen tor 
lead-titanate, PbTiOi, as a model system to investigate the effect of film thickness on 
crystallite size and crystallographic properties since this material is a ferroelectric hav 
ing a perovskite-type crystal structure with a relatively large tetragonal distortion (e/a is 
1 06S)1 
In Chapter 4 the epitaxial growth of РЬТіСц thin films on SrTiO^ substrates has 
been described It was noted that the value for eia was significantly shorter than that 
reported for large grained PbTiOi powder In the present chapter we will show that this 
observation can be explained by the effects of crystallite size 
7.2. Experimental 
A series of РЬТіОз films with thicknesses ranging from ~2 5 nm to ~^()() nm on 
(001 )MgO single crystalline substrates was grown The thicknesses were varied by 
changing the growth time in the range ot sixty seconds to two hours The lilms were 
grown using tetraethyllead (TEL) and tetra/sopropoxidetitamum (TIP) as precursors 
and using the apparatus and procedure as described in Section 2 1 The growth temper­
ature was maintained at 7()0°C, and the partial pressures of the TEL, TIP and О-, were 
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kept at 1.2.10 \ 1 7 10 λ and 4.0 Torr respectively One side polished (OOl)MgO sub­
strates were used without further treatment. This substrate was chosen since it is chemi­
cally inert toward lead titanate. It allows the deposition of PbTiO^ films with a strong 
preferential orientation Since its lattice constant (cubic, «=0.420 nm) is larger than that 
of PbTiO}, its X-ray diflraction pattern does not interfere with that of the PbTiO^ thin 
film. The films were characterized by scanning electron microscopy (SEM), and X-ray 
diffraction (XRD) using Cu/Ca radiation. The growth rate was determined by measur­
ing the film thicknesses with optical interference spectroscopy for films thicker than 
-100 nm Film thicknesses of the thinner films were calculated from the growth rate. 
7.3. Results and discussion 
Visually mirror smooth films were obtained in all cases. The SEM image of a film of 
about 35 nm thickness is presented in Fig 6 15 (see previous chapter). A typical island-
like growth behaviour is observed and the PbTiO^ islands have the appearance of leaf­
like structures. Using scanning tunnelling microscopy the thickness of the islands of 
very thin film have been determined to be 7 nm The thickness'deduced from the 
growth rate was about Π nm so obviously a rather large error is made in the film thick­
ness of the thinner films. With increasing film thickness, the islands become larger and 
coalesce but their remarkable shape remains Even tor the thickest him included in this 
study, the individual islands can be distinguished (not shown here). Such island-like 
growth is characteristic for a three dimensional growth behaviour of the film where 
impurities on the (OOl)MgO surface might act as nucleation centres This type of 
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growth on the (001 )MgO differs from that on (001 )SrTiCh where growth is two dimen­
sional 
The XRD pattern measured for a 300 nm thick PbTiO^ him on (OOl)MgO is pre­
sented in Fig 7 1 Only (00/) and (Λ00) reflections are observed The occurrence ot two 
orientations indicates that there are two preferential growth directions Therefore one 
must realise that the measured lengths of the a- and с axes originate Irom different crys­
tallites in the film, see Fig 7 2 
In Fig 7 3a part ot the XRD patterns at room temperature is given showing the 
(001) and (100) reflections о I the PbTiO^ films at several film thicknesses A remark­
able change in the XRD pattern is observed when the film thickness is decreased At a 
him thickness of 100 nm, both the (001) and (100) reflections are observed When the 
film thickness is decreased, a shift ol the (001 ) reflection to higher and a shift of the 
(100) to lower angle occurs At a film thickness of about 35 nm the (001) and (100) 
reflections seem to confluence into a single peak For a further decrease in film thick­
ness the position ot this reflection shifts to a higher value ol 2Θ The value of the lattice 
constant for the thinnest film could not be accurately determined but was estimated to 
be 3 95 (±0 05) A This value is in rough agreement with the value reported for a pseu-
do cubic PbTiOi phase ч 
Recently tor sub micron PbTiOi powder having a crystallite si7e down to 35 nm. 
an influence of average crystallite si/e on с la was reported 6 Here an attempt is made to 
correlate the value ot the lattice constants to an average crystallite si/e in the thin films 
In general, line broadening in XRD measurements is a result ot the combined 
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Fig 7 2 Schematic of the L I \ stalliti' οι tentation in the films Note that the 
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F/t,' 7 i Χ ια\ cliff ι action patterns of the 1100) and (001 ) ι ejlei lions of 
PhTiOi films on МцО sitbstiates with film thicknesses as qnen m 
the figui e The (001 ) ι eflei tion shifts to a highei \ alue of 2 and the 
(100) it'Jleition shifts to a lowei \alne of 2 when the thickness i\ 
deci eased A confluence of the (001) and (100) ι ef lection is 
obseiM'd when the film thickness is below 35 nm Afuithei 
deciease m thickness causes a shijt of this single icfledion to a 
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elfects of crystallite size, non-uniform strain and instrumental broadening 7 For very 
small crystallites, the latter two contributions may be neglected In our case an addi­
tional contribution to the XRD line broadening can be expected as a result ot shifts in 
lattice constants due to the fact that the film will be composed of crystallites of differ­
ent sizes This will cause a spread in lattice constants and therefore a line-broadening in 
the XRD measurement In our XRD patterns an asymmetrical broadening of the (00/) 
reflections to the high angle size and of the (Λ00) reflections to the low angle size is 
observed A schematic of the asymmetrical broadening ol the (00/) and (Λ00) diffrac­
tion peaks is presented in Fig 7 4 Since a decrease in crystallite si/c causes a decrease 
in с axis and an increase in <7-axis length, such an asymmetrical broadening is expected 
in the case that there is no significant volume fraction of the film having an average 
crystallite size exceeding that of those crystallites which give the maximum intensity ot 
the (00/) and (Л00) îeflections The volume fraction of the film consisting of smaller 
crystallites cause an additional asymmetrical broadening of the diffraction lines This 
broadening hampers the determination of the width of the diffraction line centred 
around the maximum intensity Therefore, the width at halt maximum was taken to be 
twice the half width ot the (001) retlection at the low angle side, and twice the half 
width ot the (100) at the high angle side In Fig 7 4 these widths are indicated by 2м / 
and 2и ι respectively Average crystallite sizes of the < -axis oriented crystallites in the 
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asymmelrical broadening 
due Td small cryslal las 
Fig 7 4. Schemata of the obser\ eel asymmetric broadening of the XRD 
rejlec tions. The (001 ) is broadened to the high angle and the (¡00) 
to the low angle .side. This effect is attributed to a film consisting of 
small c/ystallites with different sres. 
films now were calculated with the Scherrcr equation using the width 2w¡ of the (001) 
reflection after the patterns were stripped from the CuKa2 intensity contributions. 
In Fig.7.5 the calculated average crystallite size of the с-axis oriented crystallites is 
plotted against the film thickness for РЬТіОз films on (OOl)MgO. A gradual growth of 
the calculated average crystallite size is seen with increasing films thickness. The calcu­
lated average crystallite size is found to be smaller than the film thickness. 
The a- and c-axis lattice constants of these films were obtained from minimal four 
(/Ю0) and (00/) reflections respectively. The changes of the a- and c-axis lattice con­
stants as a function of the average crystallite size of the c-axis oriented crystallites (see 
Fig.7.2) are presented in Fig.7.6. It is assumed that the average crystallite size of the a-
150 200 250 
thickness [nm] 
350 
Fig 7.5. Calculated average с ry.stallite size of the c-axis oriented crystallites 
using the S( herrer' s equation and the width of the (001) reflection 
versus the film thickness for PbTiOj on MgO. 
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Jot PhTiOt thin films on M¡>0 (о) Bulk data taken fumi Ref 6 aie 
also shown A t>i adual chance m lattice constant is obsened down 
to ~ / 5 nm followed b\ a much shaipei change below this \alue 
The length of the a- and с axes foi the cnstallites in the thin films is 
almost identical with those found foi civsiallites of the same size in 
sub mici on PbTiOi powdei The diawn cune is a циісіе to the e\e 
axis oriented crystallites is comparable with the с-axis oriented crystallites A rather 
gradual change in lattice parameters is observed down to a critical average crystallite 
size ot about 15 nm followed by a much faster change in lattice constants at crystallite 
sizes smaller than IS nm For the smallest average crystallite size no difference in the 
length of the с and «-axes could be observed Data reported recently for microcrys-
talline PbTiOi powders are also included in this figure Average crystallite sizes for 
these powders were determined by using both scanning electron and transmission elee 
tron microscopy A good correlation is found between the powder data and thin film 
data for PbTiO^ on MgO A comparable effect as for ВаТЮз bulk, material1 is 
observed, a smaller crystallite size causes a decrease in the length of the с axis, and an 
increase in the length of the a axis Below a certain critical crystallite size (-15 nm), the 
change of lattice constants with crystallite size is much stronger As shown in Fig 7 7 
this sudden change in the a- and (-axes is accompanied by a rather abrupt drop in the 
cell volume 
In conclusion, we have shown that for thin PbTiO^ films grown by OMCVD on 
(OOl)MgO substrates the average crystallite size decreases with decreasing film thick­
ness, accompanied by a change in lattice constants For an average crystallite size of 
~5 nm, the lengths of the a- and с axes become equal The variation of lattice constants 
with average crystallite size is in quantitative agreement with lattice constants found for 
sub-micron powder crystallites 
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8. Heteroepitaxial growth of lead zirconate titanate on 
(001) strontium titanate 
Abstract 
The helei oepitaxial yiowth of lead znconate titanate PbZi Г//
 KOi on stiontium 
titanate (001 )S>TiOi is desa ¡bed The mia osti IH tui e of the films was studied as a 
function of the zu с отит fi action \ u\ini> X-i a\ diffiaction (XRD) Ruthafoid 
baekscапенпц spcctiometi \ (RBS) un ludtnq channelling expeiiments and tiansmis 
sion election micioseops (ТЕМ) Foi a с omposition of the PbZi
 xTi¡ ((9< и uh a teliamo 
nal unit cell the films contain a-a\i\ οι tented domains These domains wae not oh 
senedfoi films with a composition ymng α ιhombohedial unit cell Despite the lai4a 
mismatch with the (001 )SiTi01 such films ha\e a low \alue foi the minimum chan­
nelling yield mdicatne of a hiyh hetei oepitaxial c/ualit\ Usin% ТЕМ the mia ostine tui e 
foi a 1 hombohedi al film was obscned to consist of tenions ha\ ιηι> a small mi soi tenta­
tion и uh ι espec t lo eue h othei 
The fenoelectiic pi ope/ties of a single ci \ stalline PbZiQxTio 2 0¡ film qiown onto 
(001 jSiTiOi piosided with hetei oepilaxial SiRuOi elee ti odes giown b\ pulsed lasci 
deposition aiepiesented The h\steiesis loop satinâtes at I Volt Enduianee up to l()!-
c\cles was obsei sed without se\ei e degi adalion ofthe feu oelecti и piopeities 
8.1. Introduction 
Ferroelectric thin films are used as active layers in sensors and actuators, light modula 
tors and (non volatile) memories because ot their pyro and piezoelectricity, electro 
optical properties, high dielectric constant and remanence of electrical polarization ' 
One ol the most studied ferroelectric materials is the solid solution lead zirconate 
titanate, PbZr,Ti 1 ,0} 
The partial substitution ol the titanium by zirconium has a large influence on the 
lattice constants as well as on the crystal structure ot the compound Above the mor 
photropic phase-boundary (x=0 ^3) the tetragonal structure changes into a rhombohe-
dral one and this may have implications for the microstructure of thin films Since il is 
evident that the microstructure of the PbZr (Tii v Oi film will have an influence on the 
ferroelectric properties, knowledge about the factors that determine the microstructure 
is important In addition to a number of growth parameters (growth temperature 
growth rate nature ot the substrate etc ) a major influence is thus expected trom the zir 
comuni fraction, \, (Zr/(Zr+Ti)) 
For applications generally polycrystalline films will be used However, the study of 
ferroelectric properties of polycrystalline films is troubled by the presence ol e ς grain 
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boundaries and limited crystallite sizes. Therefore a systematic study of ferroelectric 
properties calls for single crystalline material. In single crystalline films no grain 
boundaries should be present and the intrinsic material properties can be determined. In 
such films in principle no restriction to the domain si/e is present; a single crystalline 
film may be a single domain. A key issue in ferroelectric materials is the degradation of 
properties as a result of a large number of switching cycles. This effect is known as 
fatigue. Single crystalline films enable a fundamental study of this effect. 
In order to measure the properties of a ferroelectric the material has to be sand­
wiched between electrodes. Since these electrodes also have their influence on the fer­
roelectric properties it is advantageous to use single crystalline electrodes. Single crys­
talline ferroelectric films can only be grown heteroepitaxially onto a single crystalline 
electrode material. Such heteroepitaxial ferroelectric capacitors have been grown main­
ly using pulsed laser deposition. This technique enables the heteroepitaxial growth of 
complex heterostructures. The growth of heteroepitaxial РЬТЮз on 
(0()l)Pt/(()()l)MgO2 and on УВа2Сиз07 доп (ООІ)ЬаАЮч was reported.1 P b Z r J i l M 0 ? 
was grown onto the same substrate4·'' and on YBaiCuiOv^ coated strontium titanate, 
(OOl)SrTiOiA7 In the latter case УВазСи^С^ ¿j was also used as a heteroepitaxial top-
electrode. Lao 5 Sty sCoOi electrodes have been used to sandwich PbZr,Ti|MOi8 and 
Pbi.ij^LajZrjTii^O,.9 " A ferroelectric heterostruclure using SrRuO^ lop- and bot-
tom electrodes has been grown by sputtering.12 The ferroelectric performance of the 
heteroepitaxial capacitors generally is superior to that of the polycrystalline ones using 
Pt electrodes. In the case of heteroepitaxial Lao s Sty «¡СоОз top and bottom electrodes 
endurance to 1С)11 switching cycles without severe degradation is reported. 8 · 1 1 
Although pulsed laser deposition has produced impressive results, its use will be limit­
ed to small substrates. Since for many future applications films have to be deposited 
over large area substrates, a deposition technique such as organometallic chemical 
vapour deposition (OMCVD) has to be used. To the best of our knowledge no results 
have been published of the ferroelectric performance of a heteroepitaxial film grown by 
OMCVD and using oxidic electrodes. 
We have demonstrated that with OMCVD heteroepitaxial PbTiO^ thin films can be 
grown on single crystalline (001)SrTiO3, at temperatures around 7()0°C using the pre­
cursors tetraethyllead, tilaniumtetra/iopropoxide and oxygen.11 The heteroepitaxial 
nature of these films was confirmed by X-ray diffraction (XRD) and Rutherford 
Backscattenng Spectrometry (RBS) channelling measurements. The mismatch in lattice 
constants and thermal expansions coefficients between the РЬТіОз film and 
(OOljSrTiO^ substrate gives rise to strain in the film. In Chapter 6 it has been shown 
that the (partial) relaxation of this strain occurred via the formation of ¿/-axis oriented 
domains in the с -axis matrix.14 The presence of the α-axis oriented domains resulted in 
an increased value tor the minimum channelling yield. The mechanism of strain relax­
ation was found to be thickness dependent: only above about 100 nm the «-axis orient­
ed domains were present. Using optimised conditions a minimum channelling yield in 
the (001 ) direction of only 3% was obtained tor a 100 nm thick film. 
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Here we present the heteroepitaxial growth ol PbZr
v
Ti)
 x
O^ with d range in \ on 
(OOl)SrTiOi The lattice parameters ol the film gradually change with \ Only for the 
case of i=0 an optimum tit with с-axis oriented PbTiO^ on this substrate can be 
achieved The lattice mismatch increases with increasing Zr content Hence a change in 
the microstructure is expected The microstructures of the films were examined by 
XRD, RBS channelling experiments and transmission electron microscopy (ТЕМ) The 
lilms in this study all have a thickness above 100 nm so the occurrence of ¿/-axis orient-
ed domains may be expected in the case of tetragonal PbZr,Ti|
 (Оз The film with 
\=0 8 was found to have a relatively low value for the minimum channelling yield 
Therefore the ferroelectric properties of a him ol this composition have been measured 
To this end a heteroepitaxial PbZrn ^Тіп->Оч lilm was grown on a SrRuOV(001)SrTiO} 
substrate The SrRuO^ film was grown by pulsed laser ablation deposition This con 
duclive oxide was chosen since it has a (pseudo) cubic perovskite structure with a lat­
tice constant of 0 194 nm which is only slightly different trom the 0 390 nm of БгТЮз 
The mismatch of SrRuO^ with PbZr0 gTi() 2 0 ^ is fairly small A SrRuO^ top electrode 
was heteroepitaxially grown onto the PbZro STIQ 2O} by laser ablation deposition as 
well Here we report on the ferroelectric properties of this heteroepitaxial stack 
8.2. Experimental 
The PbZr
v
Tii ,0^ films were grown using a small scale OMCVD apparatus described 
in detail in Section 2 1 The precursors were tetra/i^propoxidetitanium (TIP), 
Ті('ОСіН7)4 (99 97f), tetrad/mnbutoxidezirtonium (ZTB). Zr('OC,H9)., (99 999%) 
and tetraethyllead, Pb(C2Hs)4 (99 999%) Dried 0 2 (hydrosorb) and purified N2 (get 
tering furnace) were used as the oxygen source and carrier gas respectively The partial 
pressures of the precursors were varied by changing the flow rates of carrier gas 
through the bubblers The zirconium traction in the film was controlled by changing the 
corresponding fraction \ç of partial pressures of Zr('OC4H<,)4 and Ті('ОСзН7)4 The 
reactor pressure and total flow rate were kept at 16 Torr and 0 5 standard litres per 
minute respectively The pressures in the bubblers were only slightly higher than the 
reactor pressure and were dependent on the flow rales They were measured directly 
behind the bubblers The oxygen partial pressure was 5 Torr The (001)SrTiO3 sub­
strates were Syton polished and were used as such As for the growth of РЬТЮ^ at 
7()0°C also for the growth of PbZr(Tii vO^ a window of growth temperatures and gas-
phase compositions exists where films with the correct cation stoichiometry are ob 
tamed l f t ' 7 The occurrence of this process window is the result of the competition be­
tween the formation of PbZr
v
Ti[
 x
Ch and the evaporation of PbO from the growing sur­
face at sufficiently high temperatures and TEL partial pressures 1 7 The films deposited 
in the process window have the correct cation stoichiometry within experimental error 
of the RBS measurement 
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Capacitors were fabricated using heteroepitaxial SrRuOi as top- and bottom elee 
trodes and PbZro gTio 2Ch as a ferroelectric The SrRuOi films were grown using 
pulsed laser deposition from a stoichiometric target in a set-up described earlier 1X An 
ArF excimer laser was used (193 nm) with a pulse duration of 15 ns. a repetition rate of 
1 Hz and a fluence of 4 J/cm2 The deposition temperature for both the top- and bottom 
electrode was 650°C and the oxygen partial pressure was 0 2 mbar The bottom elec­
trode had a thickness of about 150 nm to obtain sufficient lateral conductivity The top 
electrodes were about 50 nm thick The SrRuO^ films exhibited a specific resistance of 
4 I O 4 Qcm which is comparable to values obtained for bulk material The 
SrRuOySrTiOi substrate was used as such for the deposition of PbZrg gTio тО^ by 
OMCVD The PbZr<) ^Тіп гОч film was grown onto this substrate using the same condì 
tions that were used for the growth directly onto SrTiO^ Capacitors of \arious sizes 
were obtained by reactive ion etching 
The RBS measurements were performed using 2 MeV He+ ions and were use ' to 
determine the film thickness and composition For the calculation of the thickness a 
density of 7 9xl022 atoms/cm'' was assumed for the PbZrxTij ,0-( Channelling expen 
ments were used to investigate the heteroepitaxial quality of the films The channelling 
direction was along the [001] direction of the film The value for the minimum chan 
nelling yield is determined at the surface position of the lead peak In this way effects 
of dechannelling are excluded 
Phase identification and orientation of the films were examined using XRD This 
technique was performed on a Philips PW1800 diffractometer using monochromalised 
CuKa radiation From the broadening of reflections in -2 scans values for the non 
uniform strains and the average particle sizes can be determined ' 9 We note that in the 
case of PbZrvTi| ,Сц additional broadening may be caused by a small spread in ι in the 
sample A spread in л results in a spread in the lattice constants which will translate into 
an effective broadening of the reflections A fourth contribution to the broadening of 
the peaks in the Θ-2Θ pattern may be due to size effects occurring in ferroelectric mate 
rials 8 These potential contributions to the peak broadening obstruct a reliable detenni 
nation of average crystallite sizes or uniform strains in such films 
The ТЕМ analyses were performed on a Philips CM30 SuperTWIN electron micro­
scope operating at 300 kV The sample preparation of the plan-view and cross sectional 
ТЕМ specimens has been described elsewhere 2 I 
Ferroelectric properties were measured on various capacitors with an area of 
2000 μιτι2 Details of the set-up and experimental procedures have been published in 
Ref 21 Hysteresis loops were recorded using a Sawyer-Tower circuit operated at I kHz 
and using a reference capacitor of 220 nF The loops were measured at different ampli 
tudes The fatigue measurements were performed using bipolar pulses of 100 ns width 
and a delay between the pulses of 1 μ$ 
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8.3. The growth of PbZrxT¡!.x03 on (001)SrT¡O3. 
The PbZrvTi| (0^ films had a shiny appearance Only few defects could be observed 
using Nomarski interference-microscopy The measured relation between ν and л^ is 
shown in Fig 8 1 This can be approximated by the equation v/(l-\)=K *?/(l \?) The 
factor К is about 2 under the present experimental conditions It should be noted that 
this value is dependent on the exact growth conditions and may vary for example with 
the growth temperature, reactor pressure or reactor geometry 
An attempt was made to keep the film thickness constant (¿>-np+/?zTB=corist'lnt) 
Due to small differences in growth conditions necessary to synthesize stoichiometric 
films a minor variation in thickness is present, however An increase from 195 nm to 
230 nm was observed when \ increased from 0 1 to 0 9 For \=() and л=1 relatively 
extreme values ot 135 and 300 nm have been measured 
8 3 1 X rav diffraction 
The crystal structure of PbZrtTi| ,Оч changes from tetragonal for v<0 53 to rhombohe-
dral (pseudo cubic) for \>0 53 This implies that with increasing \ in the -2 diffrac­
tion pattern the splitting of the (()()/) and (Й00) reflections disappears Both sets of peaks 
confluence into one single set ol reflections For heteroepitaxial tetragonal 
PbZr(Ti[ tOi on (OOl)SrTiOT in principle only the (00/) reflections will be present in 
the θ 2Θ diffraction pattern However, due to the presence of a-axis oriented regions 
also the (Λ00) reflection may occur If present, this reflection will practically coincide 
with the (00/) reflection of the substrate Only for small Zr-fractions the (/Ю0) reflection 
may be visible since a relatively large change in the (Λ00) spacing with increasing \ is 
found for large grained powders 
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Fig.8.2 XRD patterns of PbZi\Tii_KOj films with a tetragonal (x=0.2) and 
rhombohedral (\=0 9) structure on (OOI)SrTiOj. The inset shows 
the (001 ) and (J 00) reflections of the tetragonal film in more detail. 
In Fig.8.2 typical diffraction patterns of a tetragonal (л=0.2) and rhombohedral 
(v=0.9) PbZi\Ti|_,C)3 film are presented. No second phases are observed. The (//00) 
reflections of the tetragonal PbZrn 2ТІ0 8^3 f''m appear as a shoulder on the (00/) sub­
strate reflections, see the inset of Fig.8.2. This shoulder was observed for 0. l<x<0.3. 
The diffraction peaks of rhombohedral PbZro yTifj \От, have a markedly lower full 
width at half maximum (FWHM) than the peaks of the tetragonal compound. Looking 
upon the range in .v, the FWHM tends to decrease with increasing \. 
In Fig.8.3 the measured lattice constants are presented as a function of ν for the 
PbZr
v
Ti|_,03 films on (OOI)SrTiO^. Included are data for large grained powders taken 
from Ref.22. For powders the tetragonal to rhombohedral transition is clearly observed. 
In the case of thin films the с -axis lattice constant is significantly smaller than that of 
the powders. Also the change with ν is less. There is a qualitative agreement in the 
c-axis length versus л, however. Starting at v=0 the с axis first becomes smaller up to 
\=0.5 followed by an increase. The «-axis lattice parameter is difficult to determine due 
to the partial overlap with the substrate reflection. The α-axis lattice constant is 
obtained only from higher order reflections. It shows a comparable behaviour as report­
ed for the large grained powders. With increasing л the α-axis lattice constant increases. 
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Fig.83 Lattice constants of PbZ>\Tii_
x
Oi as a function of \ for heteroepi­
taxial films (filled symbols) and large grained powders (Ref.22, 
connected open symbols) A qualitative agreement between the thin 
film and powder data is observed. 
8,3.2. Rutherford Backscattering Spectrometry 
In Fig.8.4 representative random and channelled RBS spectra are presented of films 
with a tetragonal structure (\=0.4) and a rhombohedral structure (v=0.9). Good agree­
ments between the random and simulated spectra of stoichiometric PbZr,Ti]_
x
03 are 
obtained. The heteroepitaxial quality of the films can be deduced from the RBS chan-
b) 
Fig.X 4 RBS random and simulated spectra of heteroepitaxial PhZi\Ti¡_fl} 
films with a tetragonal structure.(.\=0.4 (a)) and with a rhombo-
hedral structure. (\=0 9 (b)) on (001 )SrTiOj. Good agreement 
betM een the measured and simulated spec tra is obtained The chan-
nelled spectra are included as well The value for the minimum 
channelling yield of the tetragonal film (32c/c) is higher than for the 
rhombohedral film (4c/r ) . 
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Fiq 8 Ч Dependan e of the minimum t ІіаппеІІіпц \ield on the composition 
of the heteioepitaxial PbZi
 x
Ti ¡
 x0j films on (001 ÌSITIOÌ The 
thickness и « i about 140 nm Foi ihombohedial PbZi
 x
Ti/
 x
0< the 
\ al ne s f οι the minimum channelling \ield aie significant^ lowei 
than foi the ten agonal t\pe Ph7i
 xTi¡ x0i 
nelling experiments For the tetragonal film the value tor the minimum yield is higher 
(32%) than for the rhombohedral film (4%) We note that the minimum yields increase 
rather steeply going from the surfaces of the PbZr tTi| vO^ films to the interlaces with 
the SrTiC>3 Since this increase is much steeper than is observed tor perfect PbTiO^ 
films''', this may indicate that the crystal quality improves going from the interface to 
the surface of the film 
In order to systematically study the epitaxial quality of the films as a function ot 
the zirconium traction all films were channelled in the 1001J direction The minimum 
yield is plotted as a function of ν in Fig 8 5 The value for the minimum channelling 
yield is relatively high for films with \ smaller than about 0 *5 For the PbZr
v
Ti |
 v
O^ 
films with the rhombohedral structure rather low values for the minimum yield are 
obtained No significant increase in the value for the minimum yield was observed here 
if the film thickness was increased to 500 nm, in contrast to the case of PbTiO-* on 
SrTiOrj (Chapter 6) 
8 3 3 ТЕМ 
In Fig 8 6 the cross-sectional ТЕМ image ot rhombohedral PbZr,Ti]
 v
Oi (\-0 87) on 
(OOl)SrTiOi is shown When comparing this image with that of the tetragonal РЬТЮч 
on (OOl)SrTiO-) (Fig 3 7, see page 37), the films clearly have different microstructures 
The tetragonal film was basically с axis oriented, but contained a-onented domains 
bounded by | 101} twin planes These domains are no longer present in the rhombohe­
dral film, but instead threading defects, perpendicular to the interface, are observed 
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Fig.8.6. Cross-sectional ТЕМ image of a heteroepitaxial PbZro.s7Tio.13O3 
film on (00J )SrTiOj. The c-axis oriented regions as observed in the 
heteroepitaxial tetragonal film (Fig.3.7, page 37) are absent in the 
rhombohedral film. Here threading defects perpendicular to the 
surface are observed. 
The high resolution ТЕМ image presented in Fig.8.7 shows that the rhombohedral film 
consists of crystallites which are slightly misoriented with respect to each other. This 
misorientation seems to be an in-plane rotation, since the high-resolution lattice image 
is not obtained on both sides of the defect at the same time. Also the lattice planes on 
both sides of the defects continue, i.e. there is no shift at the defect boundary. In case of 
the tetragonal РЬТіОз film misfit dislocations were present at the interface. For the 
rhombohedral PbZro.87Tio.13O3 film·, despite the larger misfit, no misfit dislocations 
were observed. Instead, amorphous zones were found at the interface. Apparently the 
misfit strain is relaxed by these amorphous zones. Moreover the relaxation of the misfit 
strain is accounted for the small in-plane rotation of the crystallites. 
Additional plan-view ТЕМ images of the rhombohedral film are presented in 
Fig.8.8. In the low magnification image of Fig.8.8(a) the film seems to be single-crys­
talline and the crystallites observed in cross-section are hardly visible. The defects 
Fig.8.7. Cross-sectional high-resolution 
ТЕМ image of a rhombohedral film 
showing regions with a slightly dif­
ferent in-plane rotation. A defect 
boundary is indicated by a white 
arrow near the top of the image. 
Close to the interface amorphous 
regions are observed, surrounded 
by the arrows, see bottom of the 
image. 
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a) 
b) 
c) 
Fig.8.8. Plan-view image of a rhombohedral PbZrxTij.xOj film on 
(OOI)SrTiOj (a). High-resolution images show two typical appear-
ances of threading defects: small clusters (b) or strings (c). The 
dashed line of '(b) visualises the small in-plane rotation of Mo adja-
cent crystallites. 
observed are the threading defects discussed above. In high resolution two appearances 
of these defects have been observed: small clusters (Fig.8.8(b)) or strings (Fig.8.8(c)). 
In both cases they form a boundary between regions having a somewhat different orien-
tation. 
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8.4 Growth of the SrR^/PbZrJUjAj/SrRuCb stack 
For the pulsed laser deposition of the SrRuÛ3 bottom electrode the (001)SrTiO3 sub-
strate was used as such. The SrRuOi films were shiny and black. XRD showed only 
(001) reflections of the film and substrates. The sample was placed in the OMCVD 
apparatus without any pre-treatment. After the growth of a 215 nm PbZrrj STÍQ 2O3 film 
the sample was still shiny. With Nomarski interference-microscopy a flat surface with 
very few defects was observed. It was placed back in the pulsed laser deposition set-up. 
A SrRuOi top electrode of 50 nm thickness was heleroepitaxially grown onto the 
PbZrrj 8Τ10 2O3. After the growth of the thin top electrode the morphology of the sample 
was unchanged. 
The XRD pattern of the sandwich SrRuOvPbZrogTioiOVSrRuOi/iOOnSrTiC^ is 
presented in Fig.8.9. Note that the peaks at the high angle side of the pattern are 
enlarged by a factor 50. In this pattern only the (00/) reflections of the three materials 
are observed indicating that the с axes are oriented perpendicular to the substrate sur­
face. The reflections from the bottom and top electrodes coincide as expected. The 
peaks from the PbZro χΤίο 2О3 are significantly broader than those of the SrRuO} elec­
trodes and the substrate. No significant difference with the widths of the reflections of 
PbZr0 gTiQ 2О3 grown directly onto БгТЮз were observed. 
The thickness, composition and heteroepitaxial quality of the stack were examined 
by RBS, see Fig.8.10. Both the SrRuC>3 as well as the PbZro.sTirj 2О3 were stoichiomet­
ric within RBS accuracy. The simulated spectrum is in good agreement with the mea-
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Fig 8.9. XRD Θ-2Θ pattern of the stack 
(001 )SrRuOj/PbZro
 HTi0 203/SrRu03/SrTiOj Only the (001) reflet -
tions of the SrRu03, PbZi\Ti¡_xO^, and SrTiO 3 are observed. This 
shows that the с axes of the three materials aie aligned Note that 
the reflections on the right are enlarged by a factor of 50 
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Energy 
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140 Π — 
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I L 
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-»- Channel 
Fi% 8 10 Random and simulated RBS spetti urn oj the stack 
Si RuO i/PbZi
 0 HTi„ 20 J Si RuO ^1(00I )Si ΤιΟ ; The channelled spec 
ti um in the ¡001] du CL tum is also show η The minimum с han-
пеіітц Meld amounts to I lc/r This indicates that the stack is het 
еюерііамаі to a lai це extent 
sured random spectrum There are no indications of any interdiffusion between the dif­
ferent layers of the stack The thickness of the PbZro RTIQ 2О3 was calculated to be 
21^ π m The channelled spectrum was comparable to what was observed for the rhom-
bohedral PbZr,Ti|
 v
Oi films directly onto (OOI)SrTiO^ The minimum yield for the 
complete stack was remarkably low, about 1 \9r This indicates that the stack is hel-
eroepitaxial to a large extent The microstructure of the PbZrp ^Tio 2^1 o n the SrRuOi 
is assumed to be comparable to that of PbZro цТіо 2О3 grown directly onto 
(OOl)SrTiCh 
8 4 I Ferroelectric properties 
In Fig 8 11(a) a typical hysteresis loop of the PbZro sTifj 2^3 fihn sandwiched between 
SrRuO^ electrodes is presented The loop was measured using sine waves at 1 kHz and 
is slightly asymmetric but very square shaped At an amplitude of Ü 5 V practically no 
switching is observed but already at I 5 V the loop is saturated Above this voltage the 
loop shape does not change The coercive field strength is 17 kV/cm and the average 
value for the remanent polarization is about 27 μθ/cm2 
In Fig 8 12 the switching and non-switching response as a function of the number 
of switching cycles is presented for W amplitude The endurance of the ferroelectric 
capacitor exceeds 101- cycles No degradation is observed until about 10" switching 
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Fig ci ! I Hysteresis loops of heteroepitaxial PbZi Q $Tio 2O \ for an unfa-
tigiied (a) and a fatigued capacitai (b) 
cycles. After this number of polarization reversals the value for the switched polariza­
tion starts to decrease. The non-switching polarization tends to increase somewhat after 
10' ' cycles. Immediately after the fatigue measurement at 3 V the hysteresis curve was 
measured again The sample was further characten/ed by pulse measurements, see 
below. In Fig.8.11(b) the hysteresis loop that was measured on the iatigued capacitor is 
presented. Obviously the loop shape is about the same before and after the fatigue test. 
70 
Î 
I 60 
I 50 
(J 
§ to 
™ 3 0 
о 
Q. 
20 
10 
area is 2000 μπι 
amplitude is 3 Volt 
1 0 " 1 0 ' 1 0 * 1 0 
N Icycles] 
Fig8.12. Switched and non-switched polarization of heteroepitaxial 
PbZiQ ¿Γιο lO¡ as a function of the number of switching cycles The 
amplitude was 3 V. No degiadation is observed to I011 switching 
cycles After 1011 polarization reveisals a logaiithmic decay of the 
switched polarization is observed 
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Also the loops of Ihe fatigued capacitor are already saturated at an amplitude of 1 V 
We note that the saturation polarization of the fatigued capacitor is the same as for the 
unfatigued case This suggests that the reduced polarization ot the fatigued capacitor 
was restored during the measurement of the hysteresis loop 
The polarization as function of the pulse amplitude is plotted in Fig 8 13 The mea­
surement was done belore (Fig 8 13(a)) and after the capacitor had been fatigued to 
101 2 cycles and the hysteresis loop was measured (Fig 8 13(b)) For the unfatigued 
capacitor the switching polarization increases with increasing amplitude and saturates 
at about 3 V The non switching polarization is practically invariant to the amplitude 
In the case of the fatigued capacitor an initial increase in the non-switching polarization 
with increasing amplitude followed by a decrease is observed, see Fig 8 13(b) This 
effect may be due to a (partial) back switching of the fatigued PbZro χΤίο 2O3 at smaller 
amplitudes Above 3 V amplitude no significant difference is observed between the 
fatigued and the non-fatigued capacitor The amplitude at which the polarization satu­
rates is higher in the case ot pulse switching (3 V) than in the case of the hysteresis 
measurement (1 V), see Fig 8 11 This discrepancy is attributed to the influence of the 
pulse width on the polarization Lower switching amplitudes require larger pulse widths 
in order to accomplish a polarization reversal This effect is indeed observed, see 
Fig 8 13(c) If the pulse width is increased to 1000 ns the polarization saturates at about 
1 V This is in agreement with the value obtained using sine waves at 1 kHz 
Ampi tude [Volt] >• 
Fit> 8 Η Influence of the pulse amplitude on the и ite hin¡> and поп-w ite h-
¡пц polai ization of hetei oepitaxial PbZiQ ¿TIQ lOi Using a pulse 
width of 100 пч a satuiation at 3 V ¡s obscned in agieement with 
the measmed h\steiesis loops the satuiation \oltaqe deueases foi 
Іопцеі puhe widths (a) is befoie and(b) is aftei IO1? c\íles In (с) 
the puhe w idth w as me 1 eased to 1000 ns 
Hitiioipilaual 41 он ih of lead -ін опаіе manale on (ООН su outturn manate 119 
The DC leakage current of the unfatigued capacitor at 3 V is in the range of 
0 1 μΑ/cm2 For the fatigued capacitor a marked non-linear increase in the leakage cur 
rent is observed above 1 V 
Finally, the capacitor was again fatigued It appeared that it reached its original 
level of both the switched and the non switched polarization This second fatigue 
measurement was continued until 1011 cycles (adding up to a total ol 1 1 10'- cycles) 
and yielded comparable results to the first measurement 
8.5. Discussion 
Stoichiometric PbZr,Ti|
 ( 0^ films covering the whole range of ν have been heteroepi-
taxially grown onto (OOl)SrTiO^ 
XRD measurements show that the films are single phase over the whole range of \ 
Generally only the (00/) reflections are observed Only tor values of ι between about 
0 1 and O l a shoulder on the low angle side of the substrate reflection was observed, 
see Fig 8 2 This is attributed to the presence of α-axis oriented regions in the films For 
the high Zr fractions it is remarkable that only the (00/) reflections are observed since 
these films have a relatively large mismatch with the substrate Even in the case of 
PbZrO} only the (00/) reflections are observed Apparently, this film grows with a 
strong preferential orientation on (OOl)SrTiO^ despite its rather large mismatch with 
the substrate An accurate determination of the lattice constants is hampered by the lim­
ited number of reflections of the heteroepitaxial films However a qualitative agreement 
between the lattice constants of the thin films and those reported for large grained pow­
ders is observed, see Fig 8 3 
For PbZr
v
Ti|
 v
Oi films having a thickness of about ISO nm the microstructure of 
films with the tetragonal structure is significantly different from those having the rhom-
bohcdral structure This is most clearly seen in the minimum channelling yield as tunc 
tion of ι For the tetragonal films of this thickness rather high values for the minimum 
yields are found If \ exceeds about 0 5 an abrupt decrease in the minimum channelling 
yield is observed This is remarkable in view of the fact that the mismatch of 
PbZr
x
Ti|
 VOT with (OOl)SrTiO^ increases with increasing ν 
Cross sectional ТЕМ observations made on representative samples with a tetrago 
nal structure (i=0) and a rhombohedral structure (*=0 87) show that the microstructures 
are markedly different, see Fig 8 6 The PbTiO^ contains a signilicant volume traction 
of a axis oriented regions These regions penetrate through the с-axis matrix Obvious 
ly this results in a deterioration of the crystal quality In the cross sectional ТЕМ image 
of the rhombohedral film a different microstructure is observed The films consist of 
several domains all having a slightly different orientation with respect to each other 
Apparently this microstructure does not have a large influence on the channelling 
behaviour The observed structure is most probably a result of the simultaneous nude 
ation of the film at several sites on the substrate Each nucleus can have a different on-
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entation to the substrate. If the nuclei coalesce a matching problem at the boundaries 
occurs which may cause the defects as observed with ТЕМ. The mismatch between the 
different orientations is small however and therefore the film quality is only marginali) 
reduced. 
ТЕМ observations have shown the presence of misfit dislocations near the interface 
in the case of the tetragonal film. Such dislocations near the interface are not observed 
for rhombohedral PbZ^Tii^O^. Here the mismatch seems to be accommodated for by 
the formation of amorphous zones close to the interface. Probably the mismatch in the 
case of this rhombohedral film is too large to be accommodated by misfit dislocations. 
The higher minimum yields at the interface compared to the surface of the him may be 
partly due to the presence of these amorphous regions. 
From the RBS and XRD measurements it is concluded that the microstructure of 
the PbZrrj ¡¡Tin 2О3 ^ m o n t n e SrRuC>3 coated (OOl)SrTiO^ is comparable to that of the 
films grown directly onto SrTiOv Only the (001) reflections are observed in the XRD 
pattern. This proofs that the с axes of both the SrRuOi electrodes and PbZrn gTig
 2Ch 
are oriented perpendicular to the surface. The minimum yield of 11 % measured for the 
complete stack shows the structure is heteroepitaxial. 
The ferroelectric properties of the heteroepitaxial stack were measured. Switching 
occurs at a rather distinct field strength resulting in square-shaped hysteresis loops. 
Typically for polycrystalline PbZio.8Tio.2O3 films a slimmer loop shape is observed.2'' 
The present result shows that a slim loop shape is correlated to the microstructure of 
polycrystalline films. The coercive field strength is around 17 kV/cm which is still 
somewhat higher than the bulk value of this composition. The value for the remanent 
polarization is 27 цС/ст2. 
The changes in the polarization that occurred after 101 2 switching cycles were 
recovered by hysteresis- and pulse measurements. This indicated that the effects of 
fatigue were (partly) reversible. This observation is in agreement with results reported 
by others.4 However, the leakage current of the fatigued capacitor was significantly 
higher than that of the unfatigued capacitor and this was not recovered by the hysteresis 
and pulse measurements. The present fatigue behaviour may be explained by the occur­
rence of trapped charge in the capacitor pinning ferroelectric domains and the for­
mation of conductive paths through the ferroelectric. The pinning of the domains may 
be removed by applying a voltage of the appropriate sign and amplitude (sine-waves or 
pulses) thus restoring the magnitude of the polarization of the capacitor. The remainder 
of conductive paths gives an increased DC leakage current. Obviously, at higher fre­
quencies the increased leakage current does not have an observable influence on the 
switching properties of the capacitor. 
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8.6. Summary and conclusions 
PbZr,Ti|
 v
O^ films having d range of values tor \ were grown heteroepitaxially onto 
(OOl)SrTiO^ by OMCVD The heteroepitaxial films with a tetragonal structure have a 
microstructure that is characterised by the presence ot a axis oriented regions penctrat 
ing the film Above about IM) nm thickness such films generally have a high minimum 
channelling yield Misfit dislocations were observed in the interface region For the 
lilms having a rhombohedral structure a dittcrent microstruclure is observed These 
films consist of regions having a slightly different in plane orientation with respect to 
each other No misfit dislocations were observed here Instead amorphous 7ones are 
present near the interface 
Ferroelectric properties were measured tor a heteroepitaxial PbZro χΤίο 2О3 capaci 
tor using SrRuOi top and bottom electrodes The electrodes were grown by pulsed laser 
ablation deposition Using an amplitude ol I V saturated square shaped loops are 
obtained At an amplitude of 3 V the endurance of the capacitor exceeds 10 1 2 cycles 
After this number of switching cycles the loop shape was practically unchanged The 
reduction in the switched charge after 10 1 2 switching cycles was recovered as a result 
of the measurement of the hysteresis loops This suggests that the reduction in the 
switched charge is the result of pinning of domains The fatigued capacitor showed a 
significant and persisting increase in the DC leakage current 
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Part 2 
Deposition of polycrystalline lead titanate 
and lead zirconate titanate. 
In Part 2 the synthesis of polycrystalline PbTiO^ and PbZr
v
Tii.
x
C>3 films on platinized 
silicon wafers is described. Comparable to the work described in Part 1 also for the 
deposition of polycrystalline РЬТіОз and PbZr,Ti]_
x
O-( the influence of the precursor 
partial pressures on the composition of the solid is tested. This results in an extension of 
the model as presented in Chapter 5 (РЬТіОз): the formulation of a model describing 
the deposition of PbZr
v
Tii_(C>3 
Contrary to Part 1 of this thesis, which can be seen as a basic study. Part 2 focuses 
on the application of PbZr,Tij.
v
03 films. Deposition over 10 cm wafers and deposition 
in trenches are items. The effects of composition on the ferroelectric properties will be 
discussed. Part 2 is concluded by the processing of a ferroelectric memory cell using 
OMCVD PbZr
v
TiMC>3 thin films. 
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9. Polycrystalline lead titanate thin films on 
platinized silicon 
Abstract 
Polxcrystalline lead titoliate films lia\e been deposited on platinized Si substrates at 
tempe/atures between 400 and550°C using 01 ganometallit chemital vapoui deposi-
tion (OMC\'D) X-ra\ diffiai ¡ion shows that the films are of single phase peio\skile 
type struttine The influente of the deposition parameters on the composition of the 
films in the temperatine range between 400 and 550 С was investigated. Fei roelectnc 
capacitai s were f ahi к ated bx spiate/ mg gold electrodes onto the lead titanate layei 
thi ough a shadow mask The jerroelectru properties were measui ed foi a layei 
deposited at 400°C and post-annealed at 700°C. We measured a value for the < ocrt ¡ve 
field-strength of =100 kVltin and a value for the remanent polarization of =50 \iClcm-
The switching time for this laxer is <50 ns. This value is instrumentaux limited 
9.1. Introduction. 
To exploit the ferroelectric properties of PbTiO^ it is necessary to sandwich the ferro-
electric film in between two electrodes. The most commonly used electrode malerial is 
platinum.' When deposited on silicon or on silicon oxide, this platinum is polycrys-
talline. Hence, а РЬТЮз film deposited on top of such an electrode will also be poly­
crystalline. 
Literature data on the ferroelectric properties of lead manate films are scarce. In the 
case of РЬТЮз films synthesized by organometallic chemical vapour deposition 
(OMCVD), to the best of our knowledge, no lerroelectnc properties have been reported 
up to now. 
We have investigated the deposition of PbTiOj on platinized Si in the temperature 
range of 4()()°C to 55()°C. The upper temperature limit is set by the rccrystallization and 
coagulation ot the Pt-layer resulting in the formation of pinholes and Pt crystallites. At 
temperatures below 550°C there is no mechanism controlling the stoichiometry of the 
layer. In this kinetically controlled regime, both the thickness and the composition of 
the layer will depend on the precursor partial pressures and the substrate temperature. 
9.2. Experimental 
The deposition system and experimental procedure are described in Section 2.1. 
Telraethyllead (TEL) and tetra/.sYjpropoxidetitamum (TIP) were used as precursors. 
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Typically the film thickness was about 200 nm obtained in 30 minutes of deposition 
time. The X-ray diffraction patterns have been measured using CuKa radiation on a 
Philips PW1800 diffractometer. The composition of the РЬТіОя films has been mea­
sured using X-ray fluorescence (XRF) and Auger electron spectroscopy (AES). The 
platinum electrodes were fabricated by sputtering onto oxidized silicon wafers. The 
thickness of the platinum was 70 nm. A fi nm thick titanium adhesion promoter was 
deposited between the silicon dioxide and the platinum. Details on the nature of these 
electrodes have been published elsewhere.1 
For the measurement of the ferroelectric properties gold contacts were sputtered on 
lop of the PbTiO^ layer through a shadow mask with various spot sizes. The hysteresis 
measurements were done using Sawyer-Tower circuitry with 10 kH7 sine-waves. The 
1-V characteristics have been measured using the same set-up with the reference capaci­
tor replaced by a linear resistor and the sine waves by triangular signals. 
9.3. Results and discussion 
First the influence of the temperature, partial pressures of the precursors and oxygen 
partial pressure on the composition of the layers will be presented. Ferroelectric proper­
ties could only be measured when the layers were deposited using a selected set of 
deposition parameters. The results of these ferroelectric measurements are described in 
Section 9.3.2. 
9.3.1. Influence of the growth parameters 
9i.ll Temperature 
To study the influence of the deposition temperature of PbTiO^, films were deposited 
with partial pressures of the TEL and TIP of respectively 0.9 and 4.5 mTorr 
(/'TEL/PTIP=0-2) and an oxygen partial pressure of 4.2 Torr. The reactor pressure was 
constant at 15 Torr and the total flow rate was 0.5 standard litres per minute (SLM). 
The compositions of the films were determined by XRF and AES. Both techniques 
yielded, within experimental error (±5%), identical results. The Pb and Ti may be pre­
sent in the layers either as PbO and ТіСЬ, respectively, or as PbTiO^. 
In Fig.9.1 the deposition rates of Pb and Ti (as determined by XRF) are plotted ver­
sus the reciprocal deposition temperature. The transition from the kinetically- to a dif­
fusion controlled regime occurs at about ~420°C for the Ti and ~500°C for Pb. There­
fore, the composition of the layers above 50()°C will depend mainly on />TEl7/'TlP· a "d 
below this temperature also on the substrate temperature. An apparent activation energy 
of 57 kJ/mole is calculated for the formation of PbO. The number of data is insufficient 
to enable the calculation of an activation energy for the formation of TiOi from TIP. 
These observations differ from those reported in Ref.2 where the transition from the 
kinetically controlled regime to the diffusion limited regime occurs at higher tempera-
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Fig 9.1 Arrhenius plot of the deposition rates of lead and titanium in the 
films with PTEÜPTIP=0-2. The lead and titanium may be piesent as 
PbO, TiOi or as PbTiOi The lines are (•indes to the e\e 
tures Especially in the case ot deposition of the T1O2 the change to the diffusion limit-
ed regime occurs at about 100°C lower temperature than reported. An imported di If ст­
епсе is that in our case the TiCh was deposited simultaneously with PbO. It cannot be 
excluded that the TEL, or its decomposition products, may influence the deposition ot 
the T1O2. This difference may also be due lo a different reactor geometry causing in our 
case for example a higher average gas temperature. This would, however, also influ­
ence the deposition behaviour of the TEL which is not, or to a lesser extent, observed. 
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Fig.9 2 Composition (PblTi) of films deposited with PTEÜPIIH=^ 2 as a 
function of the deposition temperatine (the line is a guide to the 
eye). 
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Fig.9 .-i XRD pattern for a PbTiO < laxei deposited on platinized Si at 55()°C 
The influence on ihe composition ol' the films, expressed as Pb/Ti, as a function of the 
deposition temperature is presented in Fig.9.2. An almost linear increase of Pb/Ti with 
increasing temperature is observed. For an pjp\У/'цр of 0.2 stoichiometric films are 
obtained at about 550°C. Below this temperature (he layers are lead deficient and above 
this temperature the films become rich in lead. In the XRD patterns ol the films 
deposited below about 500°C only reflections о I" PbO and ТіСЬ are observed. For the 
films deposited above this temperature, the patterns contain only PbTiO^ reflections. In 
Fig.9.3 a typical XRD pattern for a -350 nm thick layer deposited at 550°C and 
P T E L / / ; T I P = " - 2 IS shown. Only the tetragonal phase of PbTiO^ is observed. The reflec­
tions are sharp suggesting that the layer is well crystallized. The crystallographic orien­
tation of the ti Im is random. 
9 3.1.2 Fret urwr pai Hal pi es.siire.s 
The influences of the partial pressures of TEL and TIP on the incorporation of Pb and 
Ti in the layer are presented in Figs.9.4(a) and (b) respectively. In the case of the varia­
tion in the TEL partial pressure. /;j[p was kept at 4.0 mTorr and />pEL was 0.8 mTorr 
during the variation of the TIP partial pressure. In all cases lead titanate was formed 
although the films may contain second phases ol lead oxide or titanium dioxide. The 
deposition temperature is 550°C and the oxygen partial pressure is 2.4 Torr. An 
increasing deposition rate of both the lead oxide and titanium dioxide with, respective­
ly, increasing TEL and TIP partial pressure is observed at this susceptor temperature. 
This implies that the composition of the layer can be controlled by adjusting the partial 
pressures of the precursors at these deposition conditions. No levelhng-off of the com­
position at the stoichiometric ratio ol' the metals is observed at this temperature. The 
efficiency for the formation of ТіСЬ from TIP seems to be lower than the formation of 
PbO from TEL. The origin of this effect is not clear. It may for example be due to a 
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be pi ese η t as lead ti tanate οι as the indi\idual oxides The deposi 
tion tempei atine was 550 °C and the o\\i>en pai tial piessui e was 
2 4 Ton Dm in ς the \αι ιαίιοη of the рцр the PTEL H a s kept at 
0 (S mToiι andpj¡p was 4 0 mToiι din 1114 the 1 ailation of PJEL 
systematic error in the precursor partial pressures or to a less effective incorporation of 
the titanium as compared lo the lead It is unlikely that a difference in diffusion coeffi 
cients accounts for the observed difference in deposition efficiency since the molecular 
weight of the lead species will be larger than that ol the titanium species This will lead 
to a smaller diffusion speed for the lead species than for the titanium species 
9 U Ì Owgen 
The partial pressure ol the oxygen was varied by increasing the oxygen flow rate while 
maintaining the total flow rate constant In Fig 9 5 the deposition rates ol lead and tita 
mum versus the oxygen partial pressure are plotted The deposition temperature was 
550°C and the TEL and TIP partial pressures were kept constant at 0 9 and 4 5 mTorr 
respectively Both the deposition rates of the lead and titanium show some scattering 
but seem to be almost invariant to changes in the oxygen partial pressure The lead 
tends to increase somewhat whereas the titanium growth rate seems to be decreasing 
with increasing oxygen partial pressure This etlect can be seen more clearly when the 
Pb/Τι is plotted as a function of the oxygen partial pressure, see Fig 9 6 At the lowest 
value for PQ-, the Pb/Τι is smaller that unity When the oxygen partial pressure is 
increased the Pb/Τι becomes unity at this ratio of the precursor partial pressures and at 
the highest value the Pb/Τι seems to be larger than the stoichiometric ratio These 
results can be explained assuming that at low oxygen partial pressures the oxidation of 
the TEL is too slow causing lead deficient layers, whereas at the higher values tor the 
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oxygen partial pressure [Torr] 
Fig 9 5 Deposition ι aies oj lead and titanium as a Junction of the owgen 
partial pressure at 550 C. PitL=0 8 mToi r and pj¡p=4 5 mTorr 
The reactor pi essuie was 15 lorr 
oxygen partial pressure, the oxygen causes a depletion of the TIP leading to the forma-
tion of lead-rich films. Okada reports that the rate of formation of T1O2 using TIP is 
independent of the oxygen partial pressure: no reduction of the T1O2 deposition rate is 
observed at high oxygen partial pressures. For the deposition rate of PbO an increase is 
observed with increasing oxygen partial pressure, followed by a levelling-off at about 
30% oxygen by volume. Again, these differences with the present work may be due to 
the differences in experimental conditions as mentioned above. 
2 0 3 0 4 0 5 0 
oxygen partial pressure [Torri — 
Fig 9.6 PblTi as a function a the owgen partial pressure PJEL-^ N mTorr 
and рлр-4.5 mTorr. The reactor pressure was 15 Torr The depo­
sition tempei ature was 550 °C. 
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9.3.2,Ferroelectric properties 
Attempts to measure the ferroelectric properties of the layers deposited at conditions 
where stoichiometric films are obtained and where РЬТіОз reflections were observed in 
the XRD pattern of the as-deposited films (550°C), failed. This might be attributed to 
the fact that the size of the crystallites in the film is comparable with the layer thickness 
of about 200 nm. This is shown in the scanning electron microscopy (SEM) image of 
Fig.9.7. The film has a rough surface morphology and this may easily cause shortage 
between the sputtered-on top electrode and the platinum bottom electrode. Also devia­
tions from the stoichiometry may cause an increase in the conductivity of the РЬТіОз 
films and this will obstruct the measurement of the ferroelectric properties of such 
films. Considering the rather limited number of reports on the ferroelectric properties of 
lead titanate thin films, it seems reasonable to assume that the relatively poor ferroelec­
tric properties of this compound have been encountered more often. Also in powder 
materials it was found that the ferroelectric properties of lead titanate were inferior to 
compounds where some of the titanium was replaced by zirconium.3 
In order to suppress at least the formation of these large crystals, layers were 
deposited at lower substrate temperatures. However, as shown above, the deposition 
process is kinetically controlled below a susceptor temperature of about 500°C. The 
composition then is strongly dependent on both the deposition temperature and the pre­
cursor partial pressures. It was found that at a deposition temperature of 400°C, a Pb/Ti 
ratio of unity is obtained for an /'ТЕІУРТІР °f 3. In accordance with Fig.9.1 and Fig.9.2, 
at these lower temperatures, the oxidation of TEL is much slower than the decomposi­
tion of TIP, which is already near the diffusion limited regime. 
In Fig.9.8(a) the XRD pattern is presented of a 500 nm thick layer deposited at 
400°C and a value for PJEUPJIP of 3. At this deposition temperature and precursor par-
Fig.9.7. SEM image of a PbTiOj layer deposited at 550°C. The crystallites 
in the film have roughly the same size as the film thickness. 
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Fig.9.8. XRD pattern (a) of a film deposited at 400°C (with PTEUPTIP=3 )• 
Pattern (b) is from the same layer as in (a) but after an anneal at 
700° С for 30 minutes. I η (b) only reflections belonging to the sub­
strate, the electrode and the tetragonal РЬТіОз film are observed. 
In (a) also reflections ofPbO are observed. 
tial pressure ratio the layer is already partially crystallized into PbTiOv In the XRD 
pattern of this as-deposited film, also reflections of PbO are observed. Compared with 
the XRD pattern of the layer deposited at 55()°C with an /?ТЕІУ/?ТІР O I 0-2 (see Fig.9.3), 
the intensities of the reflections are smaller and the peaks are broader. This indicates 
that the film is not well crystallized and that the size of the crystallites deposited at 
400°C is smaller than that of the layer deposited at 550°C. This latter effect is con­
firmed by a SEM image of this layer (Fig.9.9(a)) showing a much denser layer than the 
one deposited at 550°C. 
Electrical measurements for this layer showed that it is insulating. However, this 
a) b) 
Fig.9.9. SEM images of the PbTiO¡ films . ·\ described in Fig.9.8 deposited 
at 400 °C (a) and after an anneal for 30 minutes at 700 °C in air (b). 
Pohiiwtallim had ninnali linn film1; on platini ed UIILOII 
ИЗ 
as-deposited layer showed no ferroelectric hysteresis Therefore, the layer was post-
annealed at 7()()°C tor 30 minutes in air The XRD-pattem of this annealed dim is pre­
sented in Fig 9 8(b) It is seen that the PbO reflections have disappeared Also the 
reflections Irom the РЬТіО^ are more intense than in the as deposited film The SEM 
picture of the annealed layer, see Fig 9 9(b), shows that the surface morphology of this 
layer has roughened somewhat in comparison to the as-deposited layer, but that the him 
nevertheless seems to be much denser than the layer deposited at 550°C This post 
annealed layer now shows ferroelectric behaviour The hysteresis loop and the IV-curve 
ot a capacitor with an area of 0 8 10 4 cm2 are presented in Figs 9 10(a) and (b) It was 
found that for higher electrical field-strengths (>2()() kV/cm) the conduction became 
dominant For that reason, the hysteresis measurement was compensated by applying a 
resistor of ~1 k£2, parallel to the reference capacitor The cause lor the conductivity is 
not clear yet but is Irequently observed for PbTiO^ The hysteresis measurement was 
perlormed with a reference capacitor ot 220 nF, whereas the IV measurement was done 
with a reference resistor ol 100 Ω The calculated coercive field strength (E
c
) is 
100 kV/cm, the remanent polarization (P,) is 50 μΟ/αη2 and the saturation polarization 
(P
s
 value for the polarization where the hysteresis has vanished) is 75 цС/ст2 which is 
near the value reported for single crystalline РЬТіОя 4 
The switching behaviour of the layer for two capacitor areas is presented in 
Figs 9 I 1(a) and (b) The experimental set-up tor these measurements is described in 
detail elsewhere ^ The measurements were performed by applying double bipolar puls­
es with a width ot 200 ns, a delay of 1 8 μ$ between the two pulses ot the same polarity 
and a delay ot 12 5 m s between the first pulse ot one polaiity and the first following 
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Fig 9 11 Switching behaviour of a PbTiOj layer deposited on platinized Si at 
400° С followed b\ an anneal at 700°C. In (a) the area of the gold 
top electrode is OH 10 4 cm2. AP, = 95 \iClcm2 and 
AP,
n
=41 \iClim2 In (b), A=0 2 10"* cm2, APS=103 \iClcm2 and 
AP,ti=40 \iClcm
2
 The switching field is 300 kVlcm. 
one of the other polarity (/ e. a period of 25 ms). This was done for gold top electrodes 
with a surface area of 0.8 1(И cm2 (Fig.9.11(a)) and 0.2 10 4 cm2 (Fig.9 11(b)). The 
switching times for these areas, as determined by the time at which the current has 
reduced to 1/10 of the maximum current, are 80 ns and 45 ns, respectively. In both 
cases the rise time of the switching pulse is determined by the instrumental set-up.6 The 
ratio of the displaced charge for a switching and a non-switching pulse is -2.5 for both 
areas. 
9.4. Summary 
On platinised silicon substrates, single-phase polycrystalline РЬТЮз films have been 
deposited at temperatures of about 550°C. At this temperature, relatively large crystals 
are formed giving a rough layer morphology. No ferroelectricity could be measured due 
to the presence of many conducting channels through this film finally causing shortage 
between the top and bottom electrode. 
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Layers deposited at 400°C are much denser and insulating. After a post anneal at 
700°C they show hysteresis behaviour with a calculated P
r
 of 50 [iC/cm2 and an E
c
 of 
-100 kV/cm. The layers can be switched with a time constant <50 ns, which is instru­
m e n t a l ^ limited. The ratio of switched and non-switched charge is -2 .5 . At higher 
electric fields the layers start to become conducting. 
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10. Polycrystalline lead zirconate titanate films 
on platinized silicon 
Abstract 
In the present chapter the deposition of polycrystalline lead ziri onate titanate. 
PbZi\TiI_\()_Ì will be described. Above a deposition temperatine of about 6()()°C sioi-
chiometiic PbZi\Ti/_,<?? films can be deposited on platinized silicon wafers within a 
large proi i'ss window . independent of the prei ursor partial pressures and the deposi-
tion temperature. This is explained by a growth mei lianism as already described in this 
thesis for the case oj lead titanate on strontium titanate. The PbZi\Ti¡
 xO¡ films have 
exi client ferroelectric properties exhibiting high values, up to 60 \iCli m-.jor the rema-
nent palai nation The \ ulne of the ι oercive field strength varies betw een 50 and 
180 kVlim. dependent on the composition. Leners with comparable properties ιαιι also 
be deposited at lower temperatures, clow η to 500°C. In this case ι are/ui control of the 
gas-phase composition is required to obtain films with the ionen cation stoichiometrw 
10.1. Introduction 
In (he previous chapter ihe deposition of polycrystalline lead titanate films on pla­
tini/ed silicon wafers has been described. It was shown that the measurement of ferro­
electric properties of these lilms generally was difficult. Only a film deposited at low 
temperature followed by a post anneal treatment showed the desired ferroelectric prop­
erties. In the present chapter the deposit ion of stoichiometric polycrystal l ine 
PbZrjTii^O^ on small platinized silicon wafers by OMCVD is described. The film 
properties ate evaluated on the basis of X-ray fluorescence (XRF). X-ray diffraction 
(XRD). scanning electron microscopy (SEM) and electrical measurements. In a subse­
quent chapter the deposition of PbZr t Ti | vO^ films on 10 cm wafers will be presented. 
10.2. Kxperimental 
A detailed description of the experimental set-up has been given in Section 2.1 and 
Ref. 1. The precursors used for the deposition of PbZr ( Ti|_ v O^ are РЬ(СтН^>4 (TEL). 
Zr(0- 'C 4 H 4 ) 4 (ZTB) and Τι(0- '<^Η 7 ) 4 (TIP). A typical deposition rate is I μιη/hi. The 
films were deposited on oxidized silicon wafers provided with a thin titanium adhesion 
film and a platinum electiode with mainly (111) crystallographic orientation.-
The chemical composition ot the lilms has been determined using X-ray lluores-
cence (XRF). This technique, combined with a for thin film analysis dedicated soft-
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ware package, enabled the determination of the metals ratios within 57c accuracy. In 
order to measure the ferroelectric properties, gold dots were sputtered on the film sur­
face through a shadow mask. Hysteiesis loops were measured using a standard 
Sawyer-Tower circuit operated at 1 kH/.. Also, the I-V characteristics were measured. 
by replacing the integrating capacitor in the Sawyer-Tower circuit by a resistance. 
10.3. Deposition of stoichiometric PbZrj.Tij.jO3 films 
An important item in thin film deposition is the control of the cation stoichiometry of 
the films. The main parameters determining the stoichiometry of the film in an 
OMCVD process are the substrate temperature and the partial pressures of the precur­
sors in the reactor. Therefore, the influence of these parameters was investigated. In this 
chapter it is assumed that the oxygen is incorporated stoichiometncally. The cation sto­
ichiometry ot the films then is given by the ratio of the number of atoms on A and В 
sites, hereafter denoted as A/B. The corresponding gas-phase ratio of the partial pres­
sures of the precursors is /?TEL/(/'ZTB+/'IIP)· This ratio will be denoted as (A/B)g. In the 
present experiments this ratio was varied between 0.1 and 1 by maintaining the partial 
pressures ot the Zr and Ti precursors at a constant value, while changing that of the 
Pb precursor. The results obtained by the XRF analysis of films deposited at three sub­
strate temperatures are summarized in Fig. 10.1. 
For the films deposited at 500°C. the composition directly reflects the gas-phase 
composition. Increasing the amount of TEL in the gas phase leads to an increased 
amount of lead incorporated in the thin him. This implies that, at this temperature, the 
4 
I 
3 
A/B 
2 
0 0 20 О 40 0 60 0 80 1 00 
(A/B)g . . 
Fig 10.1. AIR as a function of (A/B),, Αι 50()°C, a direct corrélation between 
the composition of the solid and the gas-phase composition is 
observed Above a susceptor temperature of about 6()0°C, the A/B 
is unity for an interval of (A/B)¡,. 
670-C / 
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gas-phase composition must be accurately chosen in order to obtain the stoichiometric 
compound {AIB=\ ) and that the cation stoichiometry is sensitive to variations of the 
temperature over the wafer. These observations are in line with the results that are pre­
sented in the previous chapter tor the deposition of lead titanate. The platinized silicon 
substrates that were used for the study of the lead titanate depositions (see the previous 
chapter) turned out to be of insufficient quality to withstand the OMCVD conditions at 
temperatures in excess of about 55()°C. The electrodes that were used in the present 
study tor the deposition of PbZr,Ti| ,Оз films were ot a improved quality enabling 
higher deposition temperatures. 
It the deposition temperature is increased to 670°C a remarkable change in deposi­
tion behaviour is observed. The cation stoichiometry ol the film now turns out to be 
independent ot the gas-phase composition for an (A/ß)e between 0.2 and 0.6 (see 
Fig.10 1). Within this range of (A/S)g, the AIB of the PbZrvTi]_(03 film is unity within 
5r/f accuracy. A comparable effect has been observed for epitaxial РЬТіОд thin films 
deposited on SrTiCh single crystalline substrates.1 (see Chapter 4). The onset of this 
deposition behaviour starts around 600°C, as seen in Fig. 10.1. At this temperature, the 
range in (AIB),, where stoichiometric PbZr,Ti]_
v
03 forms, is rather small. Obviously, 
this process window enlarges with increasing deposition temperature. These observa­
tions point out that a large process window exists, with respect to both the gas-phase 
composition and the temperature, at which stoichiometric PbZ^Tii^Oj forms. Hence, 
the composition of the film no longer depends on small temperature variations over 
the wafer. This is important for the uniform deposition of such films over large wafers. 
These observations largely are in line with the predictions of the deposition model 
that has been presented in Chapter 5. This model has been formulated for the deposi­
tion of lead titanate films but the partial substitution of titanium by zirconium does not 
seem to have a large influence on the deposition behaviour. A qualitative explanation 
is presented below. 
The occurrence of the process window is explained by desorption of lead oxide il 
this is deposited in excess. Below 600°C, the desorption of lead oxide from the surface 
is negligible. This means that any excess ot deposited PbO will cause ΑΙ В to be larger 
than unity. At a temperature of 600°C, the desorption of PbO starts to become signifi­
cant relative to the formation of PbZr,Tii_vÜ3. Therefore, two competitive processes 
occur. The first is the formation of PbZ^Ti] ,Оз by the surface reaction of adsorbed 
PbO with ZrOi and T1O2. The second is the desorption of adsorbed PbO. If it is 
assumed that the PbZr lTi]. l03 forming reaction is fast with respect to the desorption 
of PbO, a stoichiometric film will be formed and the excess PbO will evaporate. The 
increase in PbO desorption rate with temperature therefore explains the temperature 
dependence of the range of (A/B)g in which stoichiometric films are deposited. How­
ever, if (AlB)a is too high, the formation of PbO can be faster than the desorption 
process and PbO-nch films then are formed. This latter observation is not in agree­
ment with the model calculations of lead titanate deposition as presented in Chapter 5. 
The model predicts the films to become slowly enriched in lead instead of the more 
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abrupt increase as is observed here. In the case of lead titanate growth on strontium 
titanate this abrupt increase in the lead content of the films indeed has not been 
observed. The cause of this different behaviour is not clear. 
10.4. Film properties 
10.4.1. Films deposited within the process window 
PbZr,Ti].v03 films deposited within the process window at 670°C do have the correct 
cation stoichiometry (Д/ß is unity). Films with varying л were deposited by varying the 
partial pressures of ZTB and TIP. In Fig. 10.2 SEM micrographs of films with л-0.45 
and л-0.75 are presented. In both cases distinct crystallites can be clearly observed. The 
film morphology tends to improve with increasing л due to a decreasing crystallite size. 
XRD patterns for these films are presented in Fig. 10.3. The films are all single-
phase perovskite-type PbZr
v
Ti|_
x
03. A tetragonal splitting of the reflections is 
observed for the films with a composition at the tetragonal side of the morphotropic 
phase boundary. The PbZrYTi[_(Оз films with v>0.5 yield XRD patterns that can be 
indexed by a pseudo-cubic symmetry. 
In Fig. 10.4 the hysteresis curve and I-V characteristic are presented for a film 
with л-0.75. A saturated loop is observed. The values for the remanent polarization 
(P
r
) and the coercive-field strength (E
c
) are 50 цС/ст 2 and 55 kV/cm, respectively. 
The switching behaviour is confirmed by the I-V measurement. Two distinct switching 
currents are observed. In the I-V characteristic no current is observed at the high field 
parts of the plot. This indicates that resistive-like leakage currents due to conduction in 
the films are small compared to the ferroelectric switching current at this frequency 
(1 kHz). The films in the composition range 0.30<v<0.75 all showed essentially the 
same shape of the hysteresis loop. In Fig. 10.5 the influence of л on the values for P
r 
and E
c
 is plotted. Increase of χ tends to decrease the value of the remanent polariza-
Fig.I0.2. Scanning electron microscopy images of PbZrxTi¡_xOj films with 
x=0.45 (a) and x=0.75 (b) deposited at 670 °C. Small crystallites 
are observed. The crystallite size tends to decrease with increasing 
χ 
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10 4 2 Films deposited at 500°C 
In modern 1С technology, low temperature processes are important in order to preserve 
already processed structures during further fabrication ol the device As can be seen in 
Fig 10 1, low temperature deposition of stoichiometric PbZr,Ti| ,Ο^ can be very well 
achieved using OMCVD However, at a relatively low deposition temperature of 
MK)°C. no self regulating mechanism exists ensuring the correct cation stoichiometry of 
the deposited films As already mentioned, the composition of the gas phase must be 
controlled accurately in this case to obtain the stoichiometric compound Alternatively, 
lilms may be deposited somewhat rich in lead and the correct cation stoichiometrv may 
Fu· 10 6 
Χ κι\ diffi action pattern f 01 a PbZi ,Γ// \OiJilm with \=0 25 
deposited at 500°C Some amoiphous matei tal ma\ be piesent 
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Fig 10.7 Hysteresis loop (solid line) and I-V characteristic (dotted line) for a 
PbZi\Ti,.,Ojfilm with \=0 25 deposited at 500°C. The film thick­
ness is 0.5 μιιι Ζ is a capacitance of 220 iiF or a resistance of 
100 Ω 
then be obtained by a post anneal treatment as presented in the previous chapter. This 
anneal treatment may then undo the advantage of the low temperature deposition. 
In Fig. 10.6 the XRD pattern of a film with low Zr-content ( v=0.25) deposited at 
500°C is presented. Clearly the perovskite-type phase is obtained. The broad reflection 
that is observed for a value of 2Θ between about 25-35° is indicative of the presence of 
amorphous material. Despite the poorer crystallinity of this low-temperature deposited 
film compared to those described above, also in this case a well-saturated hysteresis 
loop was obtained. This is shown in Fig. 10.7. Values of 50 μ(Γ/ΰίτι2 for P
r
 and 
120 kV/cm for E
c
 have been obtained. These values are comparable to values obtained 
for the film deposited at 670°C with comparable composition. 
10.5. Conclusion 
The use of organometal l ic chemical vapour deposition for the deposition of 
PbZr
x
Ti|_,0} films on platinized silicon wafers in the compositional range 0.25<\<0.75 
has been demonstrated. The cation sloichiometry of the films is ensured by a self-regu­
lating deposition mechanism at deposition temperatures above about 60()°C. This 
observation is in agreement with the results of the growth model for lead titanate films 
as presented in Chapter 5. Film deposition at temperatures as low as 500°C also turns 
out to be possible. In this case control of cation stoichiometry is more complex. In all 
cases the films are ferroelectric with high values for P
r
 and values for E
c
 depending on 
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11. Polycrystalline lead zirconate titanate on 10 cm 
platinized silicon wafers 
MODFIIINC ΛΝΓ> 11 KKOELCÍ 1 RIL HROHHiriFS 
Abstract 
In this e haptei the deposition ofPbZi J~i¡ ¡Οι on 10 ι m platinized siili on wajei S usan· 
a dedicated OMCVD ssstem i\ deseiibed The dependence of the composition of the 
solid on the ι (imposition of the 40s phase and deposition tcmpeiatuie was modelled 
usint> a modified \ei sion oj the ymwth model foi PhTiO ¡ (see Chaptei 5) The model 
ij/i es a qualitam e desc 1 iption of most e\pei imenlal ohsei \ ations 
The lattu e pai anietei s ai e deiei mined as a fune non of the с (imposition \ A cpiah-
tatn e IH>I eement betw een the thin film data and those 1 epoi ted f01 lai (¡с ς/ anted pow 
dei s is obtained In the PbZi ,Γ// ¡Oj films between \=0 2 and 0 5 the ten agonal and 
1 hombohedi al phases < oexist 
Foi stoichiometiIC films the jeimelee tin pmpcities Ііале been measuied If the Zi 
fi action is incieased the h\steicsis loops tend to become less squaie An antifei melee 
tin hssteiesis loop was measuied foi PbZi()¡ Α ι eduction of both the coenne field-
st length and 1 émanent polai nation is obsei \ed f01 ine ieasim> \ aines of \ Τ hi ее 
leyions of deciease in P, and E( with mcieasni<> \ can be distinguished joi \<()2 the 
deeiease is slow foi 0 2<\<0 5 a lathei steep deciease is ohsei\ed and foi \>0 5 
ацаіп the deeiease is slow These tenions in \ /oi/<j/i/\ coincide with the iam>c m \ 
with onlv the teti agonal, the mixed teti agonali 1 hombohedi al and the 1 hombohedial 
phase iespecti\el\ 
11.1. Introduction 
The successful deposit ion of ferroelectric PbTiO^, P b Z r
v
T i | О^ and 
Pbi ^ L a ^ Z i - j T i i
 x
)Oi, has been reported ' 9 Also the deposition of PbZr
x
Tii
 x
O^ on 
15 cm diameter w a t e r s 1 0 as well as on the conductive oxide R u O
x
 have been 
described " Organomelallic chemical vapour deposition (OMCVD) can be easily 
scaled-up, both in wafer throughput as well as in waler diameter This makes the tech­
nique a candidate for deposition on an industrial scale Therefore in the linai chapters 
of this thesis attention is given to the aspects ol the deposit ion of ferroelectric 
PbZr
v
Ti|
 x
Ch layers on 10 cm waters In this chapter the OMCVD ol polycrystalline 
PbZr ( Ti | ,Οι on 10 cm platinized silicon waters using the precursors tetraethyllead 
(TEL). 7irconiumtetra/i4//6f/ \buloxide (ZTB) and titaniumtetra/c///a/\butoxide (TTB) 
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is described. Platinum may be used as an electrode in ferroelectric memories Therefore 
knowledge about the deposition process of PbZr,Tii_
v
O^ on platinized Si wafers is 
essential. In the next chapter the focus will be on technological aspects of the lerroelec-
tnc capacitor stacks. 
In order to obtain sufficient control over the deposition process, knowledge of the 
influence of the deposition parameters on the film characteristics is essential. Using an 
OMCVD system which was designed for the deposition of oxides, parameters have 
been varied systematically and their influence on the film properties was studied. The 
results of the compositional analyses are compared to model calculations. The depen­
dence of the stoichiometry and composition on the precursor partial pressures and the 
deposition temperature is described basically using the growth model that was devel­
oped lor the heteroepitaxial growth of PbTiO^ on SrTiCh (see Chapters and Ref. 12). 
No extensive description of the complete model will be given but onl> the modifica­
tions necessary to include Zr will be presented. It should be noted that in the actual 
deposition reactor a large number of factors (temperature gradients, deposition on the 
wall, the presence of moisture etc.) effect the deposition process obstructing a straight­
forward correlation between the deposition parameters and the composition ot the film. 
The coexistence of the tetragonal and the rhombohedral phase in an interval of \ 
below the morphotropic phase boundary (\=0.53) has been observed in PbZrjTii.jO^ 
powders1-1 and ceramics. 1 4 1 6 The reported range in \ where the phases coexist is not 
well defined and seems to be strongly dependent on the process conditions. Recently 
the coexistence of the two phases has been described using a statistical model.17·18 The 
width of the coexistence region was found to be inversely proportional to the statistical 
equivalent ot the volume of the particle м/с. To the best of our knowledge the coexis­
tence of the two ferroelectric phases has not been reported in thin films. 
This chapter is organized as follows. After some experimental details the influence 
of the deposition temperature, the TEL partial pressure and the ΡΖΤΒΛ/'ΖΤΒ+Α' 11 в) (\Л 
respectively on the composition and properties of the films is presented. The results of 
the compositional analyses are compared to the results of model calculations. A sys­
tematic comparison of the ferroelectric properties was feasible only in the case of the 
variation of \,,. The coexistence of the tetragonal and the rhombohedral phases is 
observed in an interval of \ below the morphotropic phase boundary. Films having the 
tetragonal structure have higher values for the remanent polarization, P
r
, and coercive 
field-strength, E
c
, than films having the rhombohedral structure. In the coexistence 
region a rather steep decrease in both P
r
 and EL with increasing \ is observed. For 
rhombohedral PbZr
v
Ti|_
v
O^ the films have a low value for E
c
 but also for P,. An anti-
ferroelectric loop has been measured for PbZrO^. 
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11.2. Experimental 
The deposition system and experimental procedure were described in detail in Sec-
tion 2 2 In this deposition system the precursors are mixed before they enter the reactor 
cell During mixing an exchange ot the alkoxide groups between the titaniumtetra/so 
propoxide (TIP) and the ZTB occurs resulting in the formation of the involatile zirconi-
umtetraiwpropoxide This may result in a clogging up of the gas lines In order to pre-
vent this the TIP was replaced by the TTB 
The substrates used were oxidized 10 cm silicon wafers provided with a platinum 
electrode 19 The sputtered Pt films have a (111) orientation Wafers are loaded into the 
OMCVD deposition chamber without any pre-treatment 
The crystalhnity and orientation ot the films were examined using X ray diffraction 
(XRD) This technique was performed on a Philips PW1800 diffractometer using 
CuKcc radiation Film morphology was examined using Nomarski optical microscopy 
and scanning electron microscopy (SEM) The chemical composition of the films was 
determined using X-ray fluorescence (XRF) To electrically characterize the waters a 
top blanket platinum layer is deposited by sputtering Ferroelectric capacitors are fabri-
cated by structuring this layer into electrodes with well defined areas ranging Irom 9-
50 000 μπι2 using reactive ion etching Also the PbZr
v
Ti|
 x
O\ and the platinum bottom 
electrode are structured This way of processing allows a thorough electrical characteri­
sation After structuring the capacitors they were annealed at 50()°C for 5 minutes in 
oxygen Generally, this treatment was found to improve the lerroelectnc performance 
of the capacitors In the next chapter the effect of this anneal will be demonstrated The 
ferroelectric properties have been measured using a Sawyer-Tower circuit at I kHz 
The capacitor area used for the measurements was IO4 ц т 2 in all cases 
11.3. Description of the ЪЪт
х
Т\\.
х
О$ model. 
To obtain a better understanding of the process, deposition results are compared with 
model predictions Essentially the model used lor the description of the growth of het-
eroepitaxial PbTiO^ on (OOl)SrTiO^ as described in Chapter 5 is applied here Main 
characteristics of this PbTiO^ model are a competitive adsorption mechanism tor the 
lead and titanium species and, tor the adsorbed lead species, a competition between 
desorption and reaction with adsorbed titanium species to form the desired РЬТЮ^ The 
РЬТіСц model consists of ten reactions Of these ten reactions, four were taken to be 
rate determining the dissociative adsorption of the titanium and lead species, the re­
action of the intermediate lead and titanium species to form РЬТЮ^ and the desorption 
of lead oxide In the following the numbering of the reaction rate constants is carried 
through from the numbering used in the description of the РЬТіОз model Basically the 
modelling of the formation of PbZr (Ti| Оз is accomplished by a doubling of the 
РЬТЮз model a parallel route for the synthesis of PbZrO} is added The mixture of 
PbTiOi and PbZrOi then forms PbZr(Ti| ,Ο-* with a certain Zr fraction, \ 
148 С hiipii ι 11 
The decomposition and adsorption steps ol the zirconium precursor are assumed to 
be similar to those ol the titanium precursor The first steps are the dissociation ol one 
of the organic groups trom the ZTB 
Zr(OC 4 H 9 ) 4 " )ZrO(OC 4 H 9 h + C4Hy. (1) 
followed by a dissociative adsorption using the same sort of adsorption site, x , as the 
titanium and lead precursors 
ZrO(OC4H9),-M — ^ - ^ Z r O ( O C 4 H 9 ) 2 > +ОС4НцТ ( 2 ) 
By applying the steady state approximation, comparable to the procedure followed for 
the titanium and lead species, an expression for the surface coverage of the Zr-specics, 
/
г
, is obtained This fractional occupation of the surface adds to the total occupation 
thus contributing to the competitive adsorption mechanism In the next step the inter­
mediate zirconium oxide, ZrCh1, is lormed thereby releasing a surlace site 
гюсоСдЩ);" k,< >zr02 +с 4 н 9 T+oc4Hy Î+* (3) 
This intermediate zirconium oxide either incorporates into the solid as second phase 
Zr02 k'4 >Zr02 ( 4 ) 
or it reacts with the intermediate lead oxide to form lead /irconate 
Zr02 + PbO' k" )PbZrO^ ( 5 ) 
Following the procedure as described tor the PbTiO^ model in Chapter 5, with these 
equations expressions may be derived for the surface occupation ot the Zr-adsorption 
complex (ZrO(OC4H9)2*) and [ZrCb1] By combining the equation for the latter com-
pound with the equivalent expressions tor the [Ti02'[ and [PbO1] an expression results 
which is third order in the [PbO1] Since this is difficult to solve the following simplifi-
cation is introduced The surface occupations of the Zr and Ti, /
г
 and θι, respectively, 
are combined to form the total occupation of the 'B ' component of the perovskite 
(ΑΒΟΟ,θβ 
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Since the Zr and Τι are incorporated in a similar way into the model this assumption 
seems reasonable By using this parameter an expression for [B1] may be derived in the 
same way [ТіСЬ1] and tZrCh1] were calculated Combining the expressions tor [B1] and 
|PbO'] yields a quadratric expression similar to what was obtained in the PbTiO^ 
model A complication arises here since dillerent rate constants are connected to the 
formation ot PbTiO^ and PbZrO^ and to the formation of TiCbs and ZrCbs respectively 
Therefoie weighted reaction rate constants kg and A
s
 were used (or the formation of 
the perovskites (PbTiOi and PbZrOO and for the incorporation of the individual 
oxides ZrCbs and ТіСЬ4 respectively 
Ад = ¿М;т + ( 1 - θ, H A ^ 
A
s
 =
 х
к
ц
 + (l - θ
ν
 )к7 ^ 
with θ
ι
= θ 7 ι / ( θ ζ Γ + θ Ί ι > 
The root of the quadratic expression yields the |PbO'J as lunction of the θβ and the 
reaction rate constants Once a value tor [PbO] is calculated also values for ITiCh1] and 
IZrCb1] and the rates ol formation of the various components can be obtained The model 
parameters were optimized to fit with the PbZiTi]
 v
Oi deposition results They are given 
in Table 1 Basically the same parameters as tor the model calculations ot PbTiO^ were 
used The values ot some parameters are dilterent for the PbZr,Ti|
 (Оя case This is 
attributed to a difference in the titanium precursor that was used (TTB versus TIP) as well 
as a different ieactor geometry (e ц horizontal versus vertical) Small reductions in the 
activation eneigies for the formation of PbTiCh Jnd the evaporation ot PbO were found to 
yield an impro\ed fit in the PbZr
x
Ti]
 v
O^ case The activation energy for the dissociative 
adsorption ot the TTB was set to 120 kJ/mole and that of the ZTB to 95 kJ/mole For the 
formation ot PbZiO^ an activation energy of 20^ kJ/mole was found to give an optimal 
tit This energy is higher than that for of the formation ot PbTiO^ in accordance with the 
experimental observations No special effort is made to obtain the best fit with the experi­
mental results since this would require tine tuning of a large number ot parameters of the 
model In the lollowing results ol model calculations will be presented and compared 
with the experiments The aim is to investigate whether experimentally observed trends 
are in agreement with the model calculations Results will be presented ot the influence of 
the deposition temperature and precursor partial pressures on the composition ot the 
films If feasible the influence of a parameter on the film properties is given In many 
cases however a systematic comparison is difficult since changing a deposition parameter 
not only changes the composition but also the thickness and morphology of the films 
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Tabic 1 Summon of the rate constants of the model 
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 υ
 kj fixed value 
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11.4. Results 
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The deposition temperature has been systematically varied between 550 and 775°C 
while keeping the partial pressures of the TTB and ZTB at 2.5.10"1 mbar each and of 
the TEL at 5. UH mbar. In the case of РЬТіОз using the precursors TEL and TIP the 
deposition rate was found to be temperature independent above about 550°C (see Chap­
ter 5 and Ref.20). It was therefore concluded that the deposition rate was limited by a 
diffusion process. Due to the relative stability of TTB compared to that of TIP the 
deposition rate of the titanium component was now found to be kinetically controlled 
rather than diffusion controlled. This implies that the deposition temperature has an 
influence on the deposition rate of the Ti component. 
11.4.1.1 Deposition temperature film synthesis 
The cation stoichiometry and the composition of the films (Zr/(Zr+Ti)) were deter­
mined by XRF. In Fig. 11.1 the deposition rates of lead, zirconium and titanium in the 
РЬгг Тіі_(Оз films are plotted as a function of the deposition temperature Included in 
this figure are the model calculations using the parameters as given in Table 1 (drawn 
curves). The agreement between the model calculations and the experimental results is 
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satisfactory Indeed, the deposition rate for titanium increases with increasing tempera­
ture Obviously this deposition rate is restricted by the dissociative adsorption of the 
TTB The deposition rate of zirconium below *>00°С increases with increasing tempera 
ture and then decreases The increase is due to the decomposition of the ZTB Above 
about 500°C the deposition rate is limited by the diffusion of a zirconium species The 
observed decrease with increasing temperature is a result of the competitive adsorption 
mechanism Due to the increased decomposition rate ol the TTB with increasing tem­
perature, more surface sites are occupied by the Τι-species thereby reducing the frac­
tional surface occupation ot the Zr-species In the temperature ranger ot Fig 11 1 the 
deposition rate ol the lead is already limited by diffusion A decrease with increasing 
temperature to about 70()°C is observed which is due to an enhanced evaporation of 
PbO from the surface with increasing temperature Above 70()°C the deposition rate 
slightly increases with increasing temperature In this temperature range the deposition 
rate ot the Τι component increases with increasing temperature sec Fig 11 1 Evapora­
tion of adsorbed Pb species competes with the reaction with adsorbed Zr and Ti 
species Since the sum of the deposition rates ot the latter increases with increasing 
temperature, also that ol the lead increases This makes that the amount ot Pb in the 
films tends to follow the total amount of Zr and Ti as is observed in the experiments as 
well as in the model calculations 
The data of Fig I 1 1 but now expressed as the cation stoichiometry 
(/4/ß=Pb/(Zr+Ti)) and the composition (\=Zr/(Zr+Ti)) respectively, are plotted as a 
function of the deposition temperature in Fig 11 2 The effect ot the composition-con 
trolled deposition mechanism demonstrates as a levelling-off in AIB at the stoichiomet 
nc ratio of unity with increasing temperature These results show that the cation stoi 
chiometry of the films will not be very sensitive to temperature variations over the 
water above about 675°C We note that a similar conclusion was drawn based on the 
Fiv, II 1 Deposition latts of the metal\ as a function oj the deposition tem-
peiatuie Results of the model calculations usini> the paiametei s as 
piesented m Table 1 aw included (ώ au η tunes) 
152 СІшрн ι 11 
э о 
A 
2 5 
Pb/IZr+Ti) 
2 0 
1 5 
1 0 
0 5 
0 0 ~ 0 0 
400 500 600 700 Θ00 
Temperature [ CI — > 
Fiq 11 2 Cation stoicluometi\ (Pb/(Zi +1ι)) unci composition (\) as a fune 
tion of the deposition tempeiatuie foi \^-0 5 and (A/B) =1 Піе 
ι с suits of the calculations aie included and show ιeasonable act ее 
ment и ah the expei iments 
results obtained in the small scale reactor see Fig 5 6 (page 64) 
A signihcant decrease in \ with increasing temperature is observed Also in this 
case the agreement between the calculation and the expenmenls is satisfactory The cal­
culated value for \ decreases trom about 0 7 lo 0 2 in the temperature range ot Fig 11 2 
This implies that a spread in temperature of 25°C over the water will cause a change in 
\ ot about 159í In order to obtain a good uniformity in \ it is necessary to have a uni-
form temperature of the water 
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Little attention is paid to the influence ot the deposition temperature on the properties 
ot the films since systematic comparison is obstructed by the resulting changes in \, see 
1 ig 11 2 In addition to this problem for low temperatures PbO is incorporated as a sec-
ond phase and the thickness ot the films increases with increasing temperature The lat-
ter effects hamper a comparison ot the morphologies ot the hlms 
Phase identilication was done by XRD analysis The XRD patterns ot films 
deposited at respectively 550 and 7()0°C are presented in Fig 11 3 For the film deposit-
ed at 55()°C in addition to weak PbZrvTi| xO-\ reflections also PbO reflections are pre-
sent This is in agreement with the lead excess as measured by XRF. see Fig 11 2 The 
pattern tor the film deposited al 70СГС only shows peaks that are attributed to (001 )Si, 
(I I l)Pt and PbZr(Ti| ,Oi The intensities of the PbZr,Tii ,Оч diffraction peaks tend to 
increase with the deposition temperature (not shown) This suggests that the crystalliza­
tion ot the PbZr,Ti|
 v
O^ is not complete at 700°C No significant change in the prefer­
ential orientation as a function ot the deposition temperature is observed 
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Fig.J 1.3. X-ray diffraction patterns of'PbZi\Ti¡.xOj (PZT) films deposited at 
550 and 700 °C. At 550 'C second phases are observed. In the dif-
fraction pattern of the film deposited at 700°C only PbZi\Ti¡.xO^. 
Si and Pt reflections are observed. 
11,4.2. Variation of the ρ-τ-ρι 
The partial pressure of TEL was varied while those of the TTB and ZTB were fixed at 
2.5 10-3 mbar each. In the experiments the temperature was 7()()°C and the reactor pres­
sure was 6 mbar.. 
11.4.2.1. PTF.U film synthesis 
In Fig.l 1.4 the cation stoichiometry. A/B, obtained for films deposited at 700°C is plot­
ted versus the PJEL- If PTEL<4 Ю-1 mbar the films are lead deficient. Above this partial 
pressure a levelling off at about the stoichiometric ratio of unity is observed. The films 
tend to become lead rich for increasing PJEL- Included in Fig.l 1.4 are the calculations 
for 600 and 700°C. At 600°C the calculated composition of the solid is a reflection of 
the gas-phase composition and only at one specific value of PJEL stoichiometric 
PbZrvT¡i_vO;i, forms. If the temperature is increased to 700°C the calculated A/B rapidly 
approaches to the stoichiometric value followed by a slow increase with increasing 
PJEL- A comparable behaviour remains if the deposition temperature is increased in the 
calculation (not shown). This implies that a range of precursor partial pressures and 
temperatures can be used where stoichiometric PbZr(Tij_v03 forms. The agreement 
between the calculation and experiments at 700°C is reasonable, especially for values 
°f PTEL above 2.5.103 mbar. The experimentally observed increase in A/B with 
increasing PTEL a ' s o follows from the model. This implies that although a levelling-off 
occurs, the films become somewhat lead-rich \( PJEL increases. In view of this it is 
somewhat prosperous to describe the observed behaviour as the occurrence of a process 
window. No systematic variation of the PJEL w a s clone at 600°C. However, previous 
experiments (see Chapter 5) suggest that the calculated behaviour at this temperature 
roughly will be in agreement with practice. Essentially the same behaviour has been 
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observed tor РЬТЮ^ in the small scale vertical reactor (see Chapter 9 and Ret 21) 
The composition, v, and deposition rate of the PbZr(Tii vO^ him as function ot the 
/'TEL a r e presented in Fig 11 5 Included in this figure are the calculated dependencies 
for a deposition temperature of 700°C and a value lor vg ot 0 5 (drawn curves). Experi­
mentally a decrease in the deposition rate as well as in \ with increasing value for/jf^i 
is observed The decrease in deposition rate also follows trom the calculation This 
effect is due to the competitive adsorption mechanism With increasing /'ThL d larger 
fraction of the surface gets occupied by the Pb species thus reducing the adsorption ol 
Zr and Ti compounds Since at 700°C desorption of PbO is relatively tast, and only the 
fraction of Pb that forms PbZr,Ti| ,0^ remains on the surface the deposition rate 
decreases The decrease in \ with increasing /?JEL I S n o t predicted by the calculation 
Here the value ν is independent on the /?TEL· s e e F'g 11 5 This is a result of the 
assumption that both the Zr and Ti make use of the same sort of site. Therefore the 
reduction in surface coverage due to an enhanced Pb species adsorption is identical for 
the Zr and Ti species The discrepancy between the model and experiments suggests 
that the mentioned assumption may be too simplistic It cannot be ruled out that gas-
phase reactions cause the observed variation in χ with PJEL A reaction between the 
TEL and ZTB causing a depletion of ZTB, thus a reduction in \, may then explain the 
observations 
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It should be noted that also in this case the effect of the /?TEL o n m e thickness and com­
position hinders a systematic comparison ot the him properties 
The change in the composition as function of the /?TEL l s s e e n m m e XRD patterns (not 
shown) For the film deposited with /?TEL=2 '^ ^ mbar the XRD pattern contains reflec­
tions ot a ZrCb/TiCb phase as well as PbZr,Ti| Оз reflections This is in agreement 
with the lead deficient composition as determined by XRF For the higher values of 
/'TEL XRD shows that the hlms are single-phase PbZ^Tii ,Ο^ Despite the XRF obser­
vation that the films are rich in lead, no PbO reflections were observed in the XRD pat 
tern The hlms have a (111) preferential orientation No significant change in orienta­
tion with increasing/?XEL 1 S observed A small decrease in dilfraction intensity is 
observed and the splitting ot the (001) and (100) reflections becomes resolved These 
observations are in agreement with the XRF data showing a decrease in deposition rate 
(reduction in thickness) and in r with increasing /?TEL· s e e F'l ' ' 5 
The hysteresis loops ot the films deposited using different values tor/?j£L a r e pre­
sented in Fig 11 6 The zirconium traction was close to 0 ~Ί (by measuring the hysteresis 
loops on different positions on the water) For the lead deficient film a small hysteresis 
loop is measured, see Fig I I 6(a) Apparently the presence of the second phase in this 
film does not obstruct it to be ferroelectric The loop shape is very slim and does not 
saturate at the maximum voltage The ferroelectric performance improves with increas­
ing /?TEL The loops become larger ; e the value for remanent polarization, P
r
, increas 
es and they saturate at lower measuring held strengths see Fig 11 6(b, c) For the higher 
values ot /'TEL t n e loops have a more rounded shape, see Fig 11 6(d) This shows that 
\ x \ · * 
\ · 
\ 1 
deposition rate 
-
χ model 
• 
• 
deposition rate model 
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the quality of the film drops. Obviously the process window as determined by the ferro­
electric properties is smaller than was found based on the XRF analysis. The observa­
tion that the films slowly become rich m lead results in a degradation of the ferroelec­
tric properties. 
For stoichiometric films, as determined by the ferroelectric properties, tor increas­
ing />TEL (ar*d constant \g) the values for the P
r
 and coercive field-strength, E
c
. are 
observed to increase (not shown) This increase can be explained by a decrease in ν (see 
below). Therefore, within this process window the /?TEL does not seem to have an influ­
ence on the ferroelectric properties 
11.4.3. Variation of x£ 
For this set ol experiments the partial pressure of TEL was 5.10 ^ mbar and the value 
for л„ was varied by changing both the partial pressures of the ZTB and the TTB. The 
total of the PZTB a n d Рттв w a s kept at 5 10 -1 mbar so (/\/ß)g=l. In all cases the films 
have the correct cation stoichiometry, AIB-\. 
114 3 1 \¡j film synthesis 
In Fig. 11.7 the values for л as measured with XRF for films deposited at 700°C are 
plotted against \„. A non-linear relation between the χ and \¡, is observed in our experi-
ments. It should be noted that the observed behaviour strongly depends on the deposi-
tion conditions The results of the calculation at several temperatures using the same 
partial pressures as in the experiments are included in Fig.l 1.7. Also in the calculation 
\g was varied by changing both PZTB and Рттв comparable to the experiments. With 
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increasing deposition temperature the value for л decreases at constant л„. This is due to 
the enhanced deposition rate of the Ti compound with increasing temperature, see 
Fig. 11 1. At 70()°C the agreement between the calculation and the experimental results 
is satisfactory. Since no significant changes in either thickness or stoichiometry were 
observed as function of \
v
 a systematic comparison of the film properties is feasible 
here. 
¡143 1 \ ç filmptopertics 
Surface morphology was examined by scanning electron microscopy (SEM). The SEM 
micrographs of tilms of about 150 nm thickness with compositions x=0, 0.4, 0.8 and 1 
are presented in Fig.l 1.8. For a РЬТіОз film (Fig. 11.8(a)) the morphology is slightly 
rough. Individual crystallites of a few tenths of a micrometer are observed. The crystal­
lites seem to be rather densely packed. For a film with \=0.4 (Fig. 11.8(b)) a smoother 
surface morphology is observed Individual crystallites seem to be embedded in a 
densely packed film. For higher values ot \ (Fig.l 1.8(c. d) the roughness is increasing 
again. 
In Fig. 11 9 representative XRD patterns of films with \=0, 0 4, 0.8 and 1.0 are pre­
sented. Only reflections due to the PbZr (Tii. xO^, Pt and Si are observed. The 
PbZr(Tii XOT, has a (111) preferential orientation This is attributed to a seeding effect 
of the (11 l)Pt-electrode. The diffraction pattern can be indexed by a tetragonal struc­
ture for values of x<0.5. Remarkably, for values of \ between about 0.2 and 0.5 an 
additional reflection between the (hOO) and (00/) peaks appears (see the inset of 
Fig.l 1 9(b)). This shows that in addition to the tetragonal phase, a second phase is pre­
sent Since for ceramic PbZr
v
Ti|
 v
O^ it is known that the tetragonal and rhombohedral 
ferroelectric phases may coexist, a comparable effect can be expected in thin films 
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Fig.11.8. Scanning electron microscopy images of films with x-O.O(a), 
0.4(b), 0.9(c) and 1.0(d). In all cases individual crystallites are 
observed. 
Most likely the reflection in between the (00/) and (hOO) must therefore be attributed to 
rhombohedral РЫх
х
Тц_
х
Оз. The intensity of this reflection increases with increasing .v. 
For values of x>0.5 the tetragonal phase was no longer observed, see Fig. 11.9(c, d). 
The lattice parameters were determined for the complete range of x. In the case of 
the mixed tetragonal and rhombohedral phases the peaks overlap. Therefore the indi­
vidual reflections were determined by generating profile fits, see inset of Fig. 11.9(b). 
The lattice parameters in all cases were determined from the peak position of the (002) 
and (200) reflections. The position of the (400)Si substrate reflection was used as an 
internal standard. In Fig. 11.10 the lattice parameters χ are plotted versus the composi­
tion. Included are the data for large-grained powders taken from Ref.22. A qualitative 
agreement between the thin film and powder data is found. It turns out however that the 
a axes for both the tetragonal and rhombohedral compounds are larger for the thin films 
than for the powders. The length of the с axis is somewhat shorter in the case of the 
thin films. For the thin films the coexistence of the tetragonal and rhombohedral phases 
is observed between x=0.2 and 0.5. In this region the lattice parameters only slightly 
change with x. In fact, the lattice parameter of the rhombohedral phase in the coexis-
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Fig 4 9 Representative XRD patterns of films having different compositions 
For 0 2<\<0.5 a peak appears between the (001) and (hOO) reflec -
lions suggesting the coexistence of the tetragonal and rhombohe-
dral phase The inset shows the XRD pattern around the (002) 
reflec turns in more detail. 
lence region seems to fit rather well to the extrapolated lattice parameter as function of 
χ of the rhombohedral phase. This fit suggests that indeed a rhombohedral phase for 
PbZr(Ti).v03 with i<() 5 exists on the tetragonal side of the phase diagram in these 
films. The full widths at half maximum (FWHM) were taken from the (002) and (200) 
reflections on the fitted curves, see the inset of Fig. 11.9(b). With increasing л the values 
for FWHM decrease from =0.6° for \=0.2 to about 0.2° lor v=0.8. This points at a 
decrease in non-uniform stress or at an increase in the average crystallite si/e with 
increasing \. In the coexistence region the FWHM values are around 0.5°. No signifi­
cant differences in the widths of the tetragonal and rhombohedral phase are observed. 
Post annealing at 700°C in air of a sample in the coexistence region resulted in a 
change in intensity ratio of the peak intensities. The intensity of the (200) reflection 
increased while that of the (002) decreased. No significant change in the intensity ratio 
of the tetragonal and the rhombohedral phase occurred. A repeated anneal had no influ-
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enee on the XRD pattern The cooling rate of the of the post-anneal treatment was 
found to have no observable influence on the XRD pattern. It should be noted that the 
annealing temperature is comparable to the deposition temperature The oxygen partial-
pressure during the deposition is about two orders of magnitude lower than during the 
post anneal This suggests that this partial pressure plays an important role in the pref­
erential orientation 
The ferroelectric properties were measured as function of \ Representative hystere­
sis loops are presented in Fig 11 11 for films with v=0 l, 0 3, 0 8 and l 0 respectively 
For i=() I the loop is square shaped and saturates at about 300 kV/cm If χ increases the 
coercive field-strength decreases but the saturation field-strength remains about the 
same For hlms having the rhombohedral structure markedly slimmer loops with rela­
tively low values for the coercive field-strength are obtained, see Fig 11 I 1(c) Also in 
these cases the saturation fields are about 300 kV/cm PbZrO-j is antiferroelectnc, see 
Fig 11 11(d) A double hysteresis loop is observed The remanent polarization for this 
material is ¿ero The saturation polarization is comparable to that of ferroelectric 
PbZr/Ti,
 vCh 
The values for the remanent polarization and coeruve field-strength have been sys-
tematically measured for a range of compositions The results are presented in 
Fig 1112 Three regions in \ can be distinguished In Region 1 with \<0 3 both Pr and 
Ec slowly decrease with increasing \ For \<0 1 no reliable data could be obtained A 
rather steep decrease both in Pr and in Ec with increasing \ is observed for Region 2 
(0 3<a<0.50) A further increase in * then leads to, again, a slow decrease both in Pr 
and Ec with increasing \ We note that the observed three regions roughly coincide with 
the regions in \ where XRD shows the presence of the tetragonal, mixed 
§ 
-
\*^"^ 
о о 
• · 
о о 
S 
M xo°/ 
"v 
/ 1 
4 J Í J ^-"""""'"""^^ 
° thin film 
• t h m f l m 
• Shirane et al 122] 
Polycnstiillme lead zu i anale Manate on 10 < m platinized silicon ни/еіі 161 
450 350 250 ISO 50 £ 
E IkV/cm 
ISO 350 350 450 
1-0 8 
'III 
450 350 250 150 50 50 150 250 3SO 450 
E IW cm) 
150 250 350 450 
Fig.l 1.11. Representative hysteresis loops of films having different composi­
tions For increasing values of χ the loop shape becomes slimmer. 
For x = l antiferroelectnc hysteresis loops are observed. 
tetragonal/rhombohedral and the rhombohedral phases respectively. 
The observed decrease in E
c
 with increasing ν is in line with literature data,2 3·2 4 and 
may be due to the increased number of poling directions present on material with a 
composition on the rhombohedral side of the morphotropic phase boundary. The 
observed decrease in the remanent polarization with increasing л has also been 
observed by others.20 
11.5. Discussion 
The present results show that using a dedicated OMCVD system stoichiometric 
PbZr
x
Ti]_(03 films can be deposited. Generally the observed trends are comparable to 
results obtained in the small scale reactor for РЬТіОз as well as for PbZr
x
Ti]_
v
03, see 
Chapters 9 and 10. Also the results obtained on (001)SrTiO3 and on the platinized sili-
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con waters are comparable These observations suggest that the deposition mechanism 
is only marginally ïnlluenced by the reactor geometry and the nature of the substrates 
It turns out that the deposition process may be described rather accurately by the kinetic 
models as formulated in Chapter 5 (for РЬТіОз) and in this chapter (for PbZr
v
Ti[
 (0^) 
Basically the same model describes the growth of single crystalline PbTiO·? on 
(001)SrTiC>3 as well as the deposition of polycrystalline PbZr,Tii ,Оч on electroded sil 
icon wafers This indicates that in both cases the process is determined by the same 
growth mechanism 
With increasing temperature the deposition rate of the Ti component increases see 
Fig 11 1 This effect is attributed to the relative stability of the TTB in comparison with 
TIP In the calculation this effect could be adequately described by increasing the acti 
valion energy for the dissociative adsorption of the Ti species A result is that the com 
position, \, strongly depends on the deposition temperature A temperature variation 
over the wafer then results in a significant distribution in \ A systematic comparison of 
films deposited at different temperatures is hampered by variations in composition, 
thickness and morphology and is therefore omitted here 
Variation of the /?JEL l s found to have only a rather small influence on the compo 
sition of the films, see Fig 11 4 For increasing PJEL both m e experiments and the cal 
culation show that the Ulms become rich in lead To describe the observed behaviour as 
the occurrence of a process window therefore is somewhat prosperous The limitedness 
of the process window with respect to the PJEL l s more clearly demonstrated in the fer­
roelectric performance of the films Only for partial pressures of the TEL between 
about 3 and 9 10 ^ mbar good hysteresis loops are obtained A larger /'TEL results in a 
reduction of ν and the film thickness The latter is also predicted by the calculations A 
t 
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larger traction of the available surface sites is occupied by Pb species obstructing 
adsorption of the rate limiting Ti and Zr species. The significant decrease in л is not 
predicted by the model since here it is assumed that both the Zr and Ti species make 
use of the same sort of adsorption site. This assumption seems reasonable and results in 
\ being independent of the /?TEL- The observed decrease in л may well be explained by 
a parasitic reaction between TEL and ZTB. An increase in /?TEL t r |en results in an 
enhanced depletion of the Zr precursor. In the film this translates into a decrease in film 
thickness and \. This effect is not included in the model 
The experimentally observed relation between \ and \,, is rather well predicted by 
the model, see Fig.l 1.7. Two effects contribute to the calculated behaviour. The first 
effect is due to the higher thermal stability of TTB compared to the ZTB. For low depo­
sition temperatures the adsorption rate of the titanium species is smaller than that ot the 
Zr species. If the temperature increases the adsorption rate of the Ti species relatively 
increases. This explains the calculated behaviour at different temperatures of Fig. I 1.7. 
In the second place the activation energy for the formation of PbZrO^ is larger than for 
the formation of PbTiO} (for the calculation see Table 1). This results in a lower incor­
poration rate in PbZr
v
Tii_(0;i for Zr than for Ti. Note that the total deposition rate of 
the Zr species is not affected by this effect. The remaining Zr is incorporated as ZrCb. 
XRD analyses of the films showed that they were single phase PbZr,Tii_
v
C>3. The 
(111) reflection is relatively strong which is attributed to the seeding effect of the main­
ly ( 1 11) oriented Pt electrode. The lattice parameters of the films deviate from those 
reported for large grained powders, see Fig.l 1.10. This may indicate that the films are 
under non-uniform stress or that size effects play a role. It cannot be ruled out that the 
observed deviation in lattice constants is due to an oxygen deficiency. 
Interestingly, for 0.2<v<0.5 the tetragonal phase coexists with rhombohedral 
PbZr,Ti|_,03 The coexistence of these phases has been reported for ceramics. I i _ l f t In 
the phase-coexistence region the lattice parameters are reported to be constant14 and 
only the intensity ratio changes according to the lever-law.25 However, only a few data 
were reported. The present results show that the lattice parameters in this region do 
slightly change with \. For rhombohedral ΡοΖΓ,Τίμ,Οι the lattice parameter decreases 
with decreasing л roughly following the extrapolated lattice parameters from the single-
phase rhombohedral PbZrjTii^O^. The peak intensities of the rhombohedral phase tend 
to decrease with decreasing \ (due to variations in thickness and strong overlap in the 
reflections no reliable quantitative data could be obtained). The cause of the difference 
between the thin film data and reported data for ceramics is not clear. Tentatively it 
may be ascribed to different process conditions. 
Recently, the effect of phase coexistence in the PbZrvTii^Oß system has been 
described by a statistical model.17-'И This model predicts that the width of the phase-
coexistence region is inversely proportional to the volume of the element in a statistical 
ensemble ('the particle si/e'). In the present work the phase-coexistence range is rather 
broad (0.2<a<0.5). Tentatively this is attributed to the presence of small particles in the 
OMCVD films. Small particles result in a broadening of the XRD reflections. Indeed it 
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was observed that the full width at half maximum (FWHM) decreased trom about 0.8° 
lor \=0 2 to 0.2° for \=0 8. With SEM no significant changes in the grain si/es as a 
function of the composition were observed however, see Fig I I 9. This suggests that 
the observed grains consist of several crystallites In the case of tetragonal 
P b Z r
v
T i | , 0 ^ this may be due to the occurrence ot twin detects in the grains as 
observed by ТЕМ 26 y
n
| S leads to a smaller average crystallite-size in the case ot the 
tetragonal films as compared to films with the rhombohedral structure According to 
these ТЕМ measurements the average grain size in the case of the rhombohedral tilms 
was larger than in the case of the tetragonal tilms. This effect is not seen in the present 
SEM observations 
The observation that a first anneal treatment changes the intensity ratio of the (00/) 
and (//00) reflections may suggest that the as-deposited ratio is thermodynamically 
unstable. Since the deposition and anneal temperature were comparable (700°C) this 
seems to be unlikely (unless the actual deposition temperature was lower). An impor­
tant dilference between the deposition conditions and those during the anneal treatment 
is that in the latter the oxygen partial pressure is much higher. The oxygen partial pres­
sure will have an influence on the crystal growth and hence may be accountable for the 
observed effects We note that more work is necessary here. 
The observation that the dependence ot the ferroelectric properties as function of у 
roughly coincide with the occurrence ot the different ferroelectric phases suggests that 
they are related However since no reliable quantitative data on the relative amounts of 
the phases in the coexistence region were obtained no conclusion with respect to this 
can be drawn yet. We note that the effect may be important and that more work is 
required to correlate the different ferroelectric phases with the ferroelectric properties. 
11.6. Conclusions 
The deposition ot PbZr
x
Ti |
 4Ch using a dedicated OMCVD system is described. Com­
parable to what is observed in the small scale reactor on (OOI)SrTiO^ (see Chapter 4) a 
process window both in temperature and precursor partial pressures exists within which 
stoichiometric films are deposited However, within this window the zirconium traction 
and film thickness may vary. 
With respect to the ferroelectric properties of the films the window is smaller (but 
nevertheless workable). Under optimal conditions ferroelectric films having high values 
for the remanent polarization are obtained. Both the remanent polarization and coercive 
field-strength decrease with increasing v. For ().2<a<0.5 the tetragonal and rhombohe­
dral ferroelectric phases coexist. The dependence ot the ferroelectric properties on the 
composition \ is found to coincide with different ferroelectric phases that are present in 
the films as function of \. 
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12. Lead zirconate titanate; application in memory cells 
Abstract 
The deposition of PbZi
 xTi¡ ,Oj h\ 01 qanometallic chemical \apoui deposition 
(OMCVD) on 10 cm platinized silicon wafei s is descnbed It и ill be shown that uni 
foi ni deposition can be achie\ed o\ei lui ge aieas and that a t>ooci step сспеіаце can be 
obtained The jenoelectiic piopei ties offulh ¡Mediated PbZi
 χ
Τι¡ β} films enable the 
piopei functioning of nonvolatile menioi) cells 
The feasibilm of intei>i atine; fen oc ledi ic thin films vuth silicon CMOS tecluwlot>\ 
was ιιι\ estimated by piocessint* a fei ι oelecti ic piocess evaluation module (FEPEM) 
This module contains CMOS- and fen oelecti к test sti uctuies as well as isolated ment­
on cells The fei /oelecti ic piocessinq is found to onh ha\e a slicht influence on the 
CMOS pi opei ties The pi opei ties of the fei ι oelec ti н сарае noi s ai e affec ted to some 
deqiee by the piocessing of the FEPEM These effects do not obstiuct the piopei June 
tionini· of menioi \ cells howe\ei The enduiance of the menioiy cells exceeds I0¡i 
ι e adi wi ite c\c les 
12.1 .Introduction 
Non-volatile memories are taking an increasing share of an overall growing total mem­
ory market The majority of present days non-volatile memories is formed by several 
types of erasable programmable read-only memories (EPROM) and electrically 
erasable programmable read-only memories (EEPROM) ' An important issue is formed 
by the standard IC-supply voltages These are now ^ V or 4 1 V In the future operating 
voltages will further decrease to values below 1 5 V enabling single-battery operation 
This will become more and more cumbersome tor (E)EPROMs since high voltages are 
required for the generation of hot electrons or the tunnelling of electrons through the 
gate oxide Compared with these non volatile memories ferroelectric memories offer 
the advantage of very fast access-times (both for reading and writing), low-voltage 
operation and good write/read endurance 
The intrinsic switching lime for a ferroelectric capacitor is in the sub-nanosecond 
region2 so that the access-time lor a ferroelectric memory cell will be limited by the 
speed of the silicon circuitry The required voltage for switching the ferroelectric capac 
itor is basically given by the thickness of the ferroelectric film times its coercive field-
strength (which is in the order of 50 kV/cm) Thus ferroelectric memoiy cells using 
active layers of submicron thickness can be operated at today s and future 1С supply 
voltages 1 The basic present day ferroelectric memory cell consists of a capacitor 
formed by a ferroelectric thin film sandwiched between two electrodes in series with an 
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access transistor.4 A ferroelectric memory cell is read by applying a voltage across the 
ferroelectric capacitor and sensing the generated charge. Depending on the initial state 
of polarization of the capacitor, the generated charge is large (switch) or small 
(non-switch) corresponding to a logic " 1 " and "0", respectively. This type of reading is 
destructive and the information has to be restored by a write action. The endurance of a 
ferroelectric memory cell then is given by the maximum number of read/write cycles at 
which the difference between the switched and the non-switched charge is large enough 
to reliably discriminate between the two states of the memory cell. A requirement lor 
ferroelectric capacitors is a virtually unlimited number (in practice К)15) of read/write 
cycles. This endurance is a point of major importance for non-volatile memory applica­
tions. It is determined by the degradation of ferroelectric properties caused by polariza­
tion reversals. This degradation, or fatigue, is a properly of the complete capacitor 
structure, ι.e it is determined by the ferroelectric thin-film properties, the electrodes 
and test conditions. A basic understanding of the causes of limited endurance seems to 
be still lacking. The most frequently used electrode material in combination with 
PbZr
v
Tii_(Oi is platinum. Platinum is one of the few materials that can withstand the 
high temperatures and oxidising conditions that are present during PbZr
v
Ti|_,0^ depo­
sition. Typically, an endurance to l()x switching cycles is obtained for capacitors using 
platinum electrodes. Alternatively oxidic conductors may be used for electrode materi­
als. Improved endurance has been claimed for capacitors using oxidic electrodes like 
RuÜ2S or Lao sSro 5C0O3.6 Endurance to 10' ' cycles has been reported for polycrys-
talline PbZrvTi|_,Ch films using the latter electrodes. The improved endurance is gener-
ally accompanied by a reduction in switched charge as well as an increase in the DC 
leakage current. Recently the use of Aurivilhus phase ferroelectric materials has been 
claimed to greatly improve the endurance.7 Such materials have been known for long. 
However, it has not been recognized thai the endurance ot capacitors of such materials 
would be supenoi to those with perovskite-lype ferroelectrics. Further requirements of 
lerroelectric capacitors include a data retention of at least 10 years and a switching time 
in the range 10-100 ns. 
The integration of ferroelectric active layers in silicon technology demands tor a 
deposition technique which is compatible with 1С processing and yields PbZr(Ti|_,Oi 
films of sufficient quality to enable their application in, for example, ferroelectric non­
volatile memories. Organometallic chemical vapour deposition (OMCVD) has already 
proven to be capable of yielding lilms ol a high quality (otherwise the topic of this the­
sis would have been different). With its relative ease of scalmg-up, both in wafer 
throughput as well as in wafer diameter, OMCVD is considered to be an important can­
didate deposition technique for coining integrated ferroelectric devices. A characteristic 
of OMCVD, which is of importance in VLSI and ULSI technology, is that a very good 
step coverage can be achieved. With many other deposition techniques it is difficult to 
deposit films uniformly in, e.g.. contact holes with large aspect ratios. 
In the previous chapter the deposition of PbZr(Ti|.xO^ using our custom-built sys­
tem has been described. The focus was on the relation between the precursor partial 
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pressures and the composition or the tilm The structural properties of the films were 
described and basic ferroelectric properties have been measured Using OMCVD. tilms 
have been pioduced that could be switched using pulses of IV amplitude see Chap­
ter 8 In principle an even lower switching voltage may be obtained by reducing the 
thickness of the ferroelectric film and improving the interlace properties The latter can 
tor instance be achieved by making use ot the mentioned oxidic electrodes Fn the first 
part ot this chapter it will be shown that OMCVD can produce films that meet the spec­
ified needs Here only Pt electrodes are considered 
The ferroelectric memory technology is a revolutionary one It is al the beginning 
of the learning curve and many problems ι elated to the integration ot ferroelectric pro­
cessing into 1С technology still have to be solved The deposition and structuring of fer-
roelectnc capacitors on top ot a Si circuit is a new process module in 1С technology 
The perlormance of the CMOS part might sutler from the ferroelectric processing Dif­
fusion of elements trom the ferroelectric capacitor to the Si may occur The CMOS 
devices may then get contaminated which will influence their performance One ot the 
final steps in common IC-technology is an anneal at a temperature of about 400°C in a 
hydrogen ambient The perfoimance and reliability ot transistors and diodes is 
improved by this treatment Since this step might reduce the PbZrvTi¡ ,Ο^, thereby 
deteriorating the (ferroelectric) properties, it has to be left out in the processing of the 
present ferroelectric memory or precautions have to be taken to prevent hydrogen tiom 
diffusion to the ferroelectric layer 
In order to investigate these issues a so called FerroElectnc Process Fvaluation 
Module (FEPEM) was made This chip includes test devices to characterize the 
CMOS-circuitry and ferroelectric capacitors and their mutual influence Also a number 
of memory cells are included in the chip In the second part of this Chapter some results 
of the performance of the FEPEM will be presented The PbZr,Tii
 xO-¡ film of this chip 
was deposited by OMCVD For a detailed description of the FEPEM and its test results, 
the reader is referred to a recent paper by Dormans et cil # 
12.2 .Experimental 
12 2 I Thin film deposition 
Details of the OMCVD apparatus and process conditions are given in Section 2 2 The 
deposition temperatuie was 700°C and the reactor pressure was 6 mbar Since in the 
present experiments the uniformity of the PbZrvTi| vOi films over the wafer is an 
important aspect, an adjustment to the settings of the lamp heating was made This 
resulted in a somewhat different temperature distribution in the reactor as compared to 
the experiments described in the previous chapter In all experiments the partial pres-
sure of the tetraelhyllead was fixed al *5 К) ч mbar The tolal ot the partial pressures of 
the titaniumtetra/f/f/tf/ \butoxide and zirconiumtetrafo tiai vbutoxide was kept at 
5 10 ^ mbar The zirconium fraction, \ in the film was controlled by changing ihe ratio 
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of ihe latter two precursors. The camer gas was nitrogen. About 30% of the total mass 
flow rate trough the reactor consisted of oxygen. PbZr,Tii.,Oi films have been deposit­
ed over 10 cm diameter platinized silicon wafers. 
The bottom electrode was made by sputtering a thin Ti adhesion layer lollowed by 
a Pt layer of about 100 nm.' The ferroelectric properties over the wafers have been 
measured by first depositing a blanket Pt layer on the PbZ^Tii^O^. The Pi top elec­
trode and the PbZr
x
Ti|
 ( 0^ were structured into capacitors with well defined areas 
using a dry etching technique.10 Step coverage was separately investigated by deposit­
ing a Ρ Ο Ζ Γ , Τ Ι ] . ^ film over a structured and platinized wafer. The PbZr()?Ti05О3 film 
in the FEPEM was deposited using the same conditions. 
The chemical composition of the films was measured using X-ray fluorescence 
(XRF). Uniformity both in composition and in thickness was measured by XRF on sev­
eral positions over the wafer. The crystallinity of the PbZr,Ti].tO-i films was examined 
with X-ray diffraction (XRD) using CuKa radiation. Film morphology and cross sec­
tions were examined using Nomarski optical microscopy and scanning electron 
microscopy (SEM). 
The (ferro)electnc properties of the capacitors were measured at three stages of the 
processing: the first time was immediately after structuring the ferroelectric stack, then 
after an additional annealing for 5 minutes in От and finally after the completion of the 
FEPEM. Details of the set-up and experimental procedures have been published in 
Ref. 1 1. Hysteresis loops were recorded using a Sawyer-Tower circuit operated at 
1 kHz. The fatigue measurements on the ferroelectric capacitors were performed using 
bipolar pulses of 100 ns width and a delay between the pulses of 1 μs. 
The electrical characterisation of the memory cells was done using a HP-8180A 
data generator. The signals were measured with an active picoprobe of 20 fF and a rise-
time of 1.2 ns. The endurance of the ferroelectric memory cells was also investigated. 
The switching of the memory cells requires a rather complicated switching scheme 
which is below Ihe horizon of this thesis. It is described in detail in Ref.8. The memory 
cells have been switched using a pulse width of 100 ns at several amplitudes. The out­
put of the cell basically is a voltage on the bitline of the memory cell due to the release 
of switched charge. A lower limit for this voltage is set by the sensing circuitry and is 
about 100 mV. Therefore the endurance of the memory cells was defined as the number 
of cycles at which the sensing voltage drops below this 100 mV. 
12.2.2. Ferroelectric process evaluation module 
On the FEPEM three different types of test devices are present. The first category con­
sists of devices such as transistors, diodes, resistance structures etc. to evaluate the 
CMOS properties and the influence of the ferroelectric processing on them. The second 
category is related to the ferroelectric processing and includes a wide range of ferro­
electric capacitors varying in area from 25 \xm- to 1 mm2 and modules to measure con­
tact resistances and electrode resistivities. The third category includes a number of fer-
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loelectric memory cells such as eight transistor/two capacitor shadow-SRAM cells, two 
transistor/two capacitor dilferentially operated ferroelectric memory cells and one tran­
sistor/one capacitor ( 1T/IC) cells with ferroelectric capacitors of sizes down to 25 μηι-. 
In this chapter only the results obtained tor the 1T/IC memory cell will be presented. 
In the design ot the FEPEM the ferroelectric capacitors were located on the lield 
oxide. The connection between the access transistors and the ferroelectric capacitors is 
via the hrst metal layer (top-contact cell). A schematic cross-section of this cell is 
shown in Fig.3 in the Prologue. A smaller ferroelectric memory cell can be obtained by 
making a direct contact between the access transistor and the ferroelectric capacitor 
(bottom-contact cell) but this requires a much more demanding technology. 1 · 1 - The 
FEPEM was designed with 2.5 μιτι design rules. The CMOS devices were made on 
10 cm diameter silicon wafers in a 0.8 μσ\ process, which will not be described here. 
The processing of the FEPEM can be divided into three major steps with a successively 
lower thermal budget: 
1. Processing of the front-end CMOS using standard IC-technology. The 
front-end processing ends with a first planari/ed dielectric layet of 
boron and phosphorous doped silicon glass, just before the etching of 
the contact holes to the Si circuitry. 
2. The ferroelectric capacitor is deposited and subsequently structured 
with reactive ion etching. The etching of the electrodes and the 
PbZr,Ti |_ ; 0^ has been described elsewhere. 1 0 At this stage the lerro-
electric capacitors were annealed for 5 minutes at 500°C in oxygen. 
Next, the ferroelectric capacitors are insulated using a second dielectric 
layer. 
3. The back-end processing of the FEPEM consists of the etching ot con­
tact holes towards the CMOS and to the Pt-electrodes of the ferroelec­
tric capacitors. An interconnection metal layer is deposited and struc­
tured. 
A more detailed flow chart is given in Ref.8. For reference purposes the ferroelectric 
processing was left out on some waters. These reference wafers also received the usual 
final anneal treatment in HT ambient. 
12.3. Results 
12.3.1. Thin film deposition 
The PbZr
v
Ti]. (OT films deposited at 70()°C over a 10 cm platinized silicon wafers are 
shiny and have a homogeneous interference colour over the wafer indicating that the 
film thickness is very uniform. Only very near the edge of the wafer (±2 mm) a change 
in the interference colour is observed. XRF analyses have shown that both the vana-
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Typical ilisinhimon of the ι émanent polarization and coeicne 
liehl-stiength of PbZrujTiQ ¡Oj films over 10 cm wafers (a) The 
disti ¡billion oj the \alne\foi ε, is asymmetric fbi 
tions in thickness and in the zirconium traction over the 10 cm wafer are within two 
percent. SEM observations show a rather rough surface morphology with well crystal­
lized P b Z r 4 T i | . 4 O i grams in the order ot 0.2 μηι diameter, see for example Fig.l 1.8. 
XRD shows that the films are single phase perovskite. Although, as was shown in the 
previous chapter, the tetragonal and rhombohedral phase may coexist for ().2<\<0.5. 
For device fabrication it is desirable that the ferroelectric properties are uniform 
over the wafer. In Fig. 12.1 the remanent polarization, P
r
. coercive field-strength, E t . 
and dielectric constant, ε,, are plotted as a function of the position on 10 cm wafers for 
a PbZro 7T10 }()} film deposited at 700°C. Only small variations in the values for P
r
 and 
E
c
 over the wafers are observed. The variation in the dielectric constant is somewhat 
larger and varies between about 1000 and S00. The distributions of the values of P
r
. E
c 
and ε
Γ
 are slightly asymmetric over the wafer. 
The deposition of PbZr
v
Ti].
x
O_4 over a structured platinized silicon wafer is shown 
in Fig. 12.2. It appears that OMCVD is capable of depositing layers conformally over 
such structures. Only in the trenches the film thickness is somewhat smaller but this is 
mainly due to a reduced thickness of the sputtered Pt electrode. 
12.3.2. FEPEM 
In the FEPEMs the composition of the PbZr,Ti ¡,,Οι films was close to the mor-
photropic phase boundary. Extensive investigations (partly) described in the previous 
chapter have shown that this composition yields an optimal ferroelectric hysteresis 
curve. A relatively low coercive field-strength is combined with a high value for the 
remanent polarization. The morphology ot these films was comparable to those on the 
wafers without the CMOS structure. Also here the PbZr,Ti | ,0} films are slightly 
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Fig.12.2. SEM image of a PbZrxTi ¡ _
λ
0 j film deposited over trenches in a sili­
con wafer provided with a Pt electrode. The thickness of the 
PbZr
x
Ti].
x
0^film is constant. The thickness of the sputtered Ρt film 
decreases somewhat. 
rough due to the presence of small crystallites. No further thin film analyses were done 
on these wafers since this would have made the wafers unsuitable for further process­
ing. The three modules (CMOS, ferroelectric capacitors and ferroelectric memory cells) 
of the FEPEM have been tested. A detailed description of the results is given else­
where.x 
12.3.2.1.CMOS 
The performances of transistors and diodes were taken as a measure for the quality of 
the CMOS. It was found that the transistors of the fully processed FEPEM have normal 
characteristics. However the threshold voltage of the transistors of the FEPEM was 
higher than those of the reference wafers. A second way to test the influence of the fer­
roelectric processing on the Si-circuitry is to measure the leakage current of diodes 
biased in the reverse direction. Such measurements have been done on/?-type and 
/г-type diodes of 1 mm2. For these diodes the leakage current (measured at 4 Volt) 
increased from 2 pA/mm2 for the reference wafers to 6 pA/mm2 for the wafers with the 
РЬгг/Гм.дОз. 
12.3.2.2. Ferroelectric capacitors 
A SEM image of a fully processed ferroelectric capacitor is shown in Fig. 12.3. The 
area of this capacitor is 100 ц т 2 . Both the top- and the bottom electrode are contacted 
via metal lines. 
In Fig. 12.4 the typical hysteresis curves for ferroelectric capacitors with a 300 nm 
thick PbZr
v
Tii_A03 layer at three stages of the processing are presented. Immediately 
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Platinum ["""~]2nd dielectric Ocontact hole 
Fig. J 2.3. SEM image and schematic of a fully processed ferroelectric capaci­
tor of 100 \im2. 
after the structuring the loops have an E
c
 of about 80 kV/cm, see Fig. 12.4(a). The P
r
 is 
about 30 цС/ст2. Fig. 12.4(b) shows that annealing of the ferroelectric capacitors leads 
to a decrease of the coercive field-strength to 45 kV/cm. The annealing causes a slight 
decrease of the remanent polarization. However, the reduction in E
c
 leads to larger 
polarizations at lower amplitudes. The annealing of these capacitors also leads to an 
increase of the dielectric constant from 750 to 1130 and to a decrease of the leakage 
current (measured at 5 V) from 550 nA/mm2 to 3 nA/mm2. The completion of the back-
end causes an increase of E
c
 (to 64 kV/cm) and of P
r
 (to 33 цС/ст2 at an amplitude of 
Fig.12.4. Hysteresis loops of ferroelectric capacitors (PbZr0.sTi0.5Oi thick­
ness is 300 nm) at three stages of processing. Immediately after 
structuring (a), after an anneal for 5 minutes at 500 °C (b) and after 
the completion of the back-end processing (c). 
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8 V), see Fig. 12.4(c). 
In Fig. 12.5 a typical swiiching and non-switching response ol Icrroelectric capaci­
tors is presented. The switching time lor this particular ferroelectric capacitor is about 
50 ns and is determined by the measurement set-up. The switching time is inveìsely 
proportional to the capacitor aiea. Switching times below 1 ns have been reported.14 
The retention of the ferroelectric capacitor is its capability of maintaining the polar-
ization with time. In some cases a considerable retention-loss (aging) ol a Icrroelectric 
capacitor is observed. This el'lect. caused by a (partial) back-switching of ferroelectric 
domains, is undesirable for memory operation. The result of such an aging experiment 
is presented in Fig. 12.6 The delay lime between the write- and read pulse was vaned 
between IO 6 and 9. H)4 s. No large retention-loss is observed here. The ratio between 
the switched- and non-switched pulses is about 2.5 and is almost constant over more 
than ten decades of delay times. 
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In Fig.12.7 the switched and non-switched response fora completely processed fer­
roelectric capacitor ot 5000 μπι- are plotted as function of the number ol switching 
cycles. The fatigue has been measured using amplitudes of 1.5 and 5 V. Αι 5 V a sharp 
deci ease in the \aluc for the polarization is observed after l()x switching cycles. Using 
an amplitude of 1.5 V the difference between the switched and non-switched polariza­
tion is still large after 10' ' cycles. Clearly, the use of a lower switching voltage leads to 
a belter endurance. These observations are typical for Pi/PbZi\Ti|_
v
OVPt capacitors and 
show that the endurance of such capacitors can be extended by reducing the switching 
field and/or the switched polari/ation. | S If the Pt electrodes are replaced bv RuCb films 
this endurance may even improve.^ 
12 3 2 3 heiroeleitru menion ι ells 
A SEM image of a fully processed memory cell is presented in Fig. 12.8(a). A schemat­
ic of this cell is presented in Fig. 12.8(b). The electrical scheme of this module is shown 
in Fig. 12.9. The working of the ferroelectric memory cells was tested on a module con­
taining one ferroelectric capacitor and two transistors. The module consists ol one 
memory bit with a ferroelectric capacitor of nominally 49 μπι-. The bottom electrode is 
connected to the plate via an access transistor of 7 μπι width and 2.5 μιτι length. The bit 
is accessed by a wordline transistor (of the same si/e) connected to the top electrode of 
the IciToelectric capacitor. The bithne of the cell connects an access transistor (wordline 
transistor) ot the ferroelectric capacitor to one input terminal of a sense amplifier. The 
bithne has a capacitance. CRL- of about 2 pF. Via an access transistor the ferroelectric 
capacitor is connected to a write terminal (operated via a selection line), see Fig. 12.9. 
In the following a simplified description is given of the basic operation of such a 
memor\ cell. During the lest a supply voltage. VD 1 ). is applied to the wordline: both 
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Fig.12.8. SEM image of a fully processed ITIIC memory cell (a). A schemat-
ic of this cell is included (b). 
access transistors are opened. The bit can now be programmed to a logic * Γ by opening 
the selection transistor. The plate is kept at zero. After decharging the circuit the bit can 
be read. This can be done by pulsing the plate to Vrjo- The polarization of the ferro­
electric capacitor is reversed and the switched charge, Q
s
 (=PS times capacitor area), is 
liberated. The plate then is reset to zero and the non-remanent part of the polarization, 
Q
n s
, is discharged. A net charge is liberated which is equal to Q
s
-Q
ns
. The voltage on 
Гор 
electrode 
Bottom 
electrode 
ρ Into 
access 
transistor 
Γ 
sense amplif ier 
selection line 
VDD 
Fig.12.9. Electrical scheme of the memory cell of Fig.l2.8(a).The dashed 
rectangle of the electrical scheme depicts the part that is seen in 
the SEM image (Fig.12.8(a)). 
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the bitlme due to the poLuization icversal. V
s e n s i . equals ( Q S - Q 1 1 S ) / C B L If VSCI1SL, is 
above a LOI lam threshold, in oui case 100 mV. the voltage is amplified to V U D and the 
readout is a logic ' Γ It the voltage is below (his 100 mV no amplification occurs and 
the output is a logic ' 0 ' . In Fig. 12.10 the VSC]lsC is plotted versus the input voltage. 
V Q D V-ense increases with increasing VD D . A levelling off is observed at about 5 V 
indicating that the hysteresis loop is saturated. The actual voltage across the FECAP is 
about 1 V less (equal to the threshold voltage ol the access transistor). 
The tangue of these memory cells was also investigated To this purpose, V
s e n s e 
was measuied as a function ot the number of read/write cycles as described. Results aie 
given in Fig.12 1 I for tenoelectiic memory cells with 300 nm ot PbZr
v
Ti | . ,Oi and a 
capacitor si/e ot 25 μηι-. In this ligure a dashed line is drawn at 100 mV to indicate the 
threshold voltage above which the information m the cell is ascribed to a logic " I " 
Hence, the enduiance ot the memoiy is defined as the number ol cycles at which V
s e n s i. 
drops below this 100 mV For these particulai cells the enduiance at a VpD of 3 V is 
H.101 ' cycles At higher supply voltages (>4 V) the initial amount of switched charge is 
larger and almost independent of Vpjo Though the rate of fatigue is larger for these 
higher voltages, the endurance is better due to the larger initial signal. An extrapolation 
ot the fatigue curves indicates an endurance exceeding 10'^ switching cycles. 
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12.4. Discussion 
The results of the depositions of PbZi\Tïi
 xO->, on 10 cm wafers show that variations in 
thickness, cation stoichiometry and the zirconium fraction, ι are only a few percent 
These observations are in agreement with the variation of the terroelectnc properties 
over the wafer, see Fig 12 1(a) Both the values of the remanent polarization and coer 
cive tield-strength are fairly constant over the 10 cm wafer A somewhat larger and 
asymmetric variation is observed in the value of e
r
 over the wafer Since the small non-
umformities in the thickness and composition of the PbZr(Tij Сц were lound to be 
rotationally symmetric, the observed asymmetry is attributed to other process steps (c <? 
sputtering of the top electrode or etching of the capacitors) 
Fig 12 2 shows that PbZr
v
Ti| Оз can be deposited with a uniform thickness in 
about Ι μηι wide trenches For the memory devices described in this work only films on 
planar substrates are used However, it can be foreseen that in future devices deposition 
over wafers with significant topography will be necessary The present results show 
that OMCVD is capable of producing such films A problem might occur here in the 
sputter deposition of the electrodes 
For the FEPEM a composition of PbZr(Ti) xC"i near the morphotropic phase 
boundary was chosen In fact, since the ferroelectric properties are strongly depending 
on the zirconium fraction the characteristics of a lerroelectnc memory may be tailored 
in this way Considering the coexistence of the tetragonal and rhombohedral phase in 
this region it may be advantageous to use a composition above the phase boundary 
The performance of the CMOS part of the FEPEM shows an influence of the ferro 
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electric processing on the Si-circuitry. The effect is relatively small and will not hamper 
the working of the memory cells. The somewhat inferior quality of the CMOS of the 
FEPEMs is attributed to the omission of the final anneal treatment in a Hi ambient 
which is standard in Si technology. Generally this tieatment iesults in a decrease of the 
threshold voltage ot the transistors and in an improvement of the reliability ot the 
devices. To be able to apply this treatment to the FEPEM the PbZrxTi| .xOi has to be 
protected against reduction by a diffusion barrier for HT. The increased leakage current 
of the diodes may be due to the omission of the hydrogen anneal or to contamination by 
for example Pb. This contamination can be suppressed by adding a diffusion barrier 
below the ferroelectric capacitors (e ¡>. silicon nitride). A reduction of the thermal bud-
get of the ferroelectric processing will also result is a slower diffusion process and 
hence a reduced contamination. 
The properties of the ferroelectric capacitors on the wafers with the CMOS 
(Fig. 12.4(a)) are comparable to the ones produced on the Si wafers without CMOS. The 
annealing of the ferroelectric capacitors after their structuring leads to a reduction of 
their coercive field-strength and a (small) reduction in remanent polarization 
(Fig. 12.4(b)). Generally also an increase in the value of er as well as a decrease in the 
DC leakage current is observed Comparable improvements of the properties of ferro-
electric capacitors have been reported.16 The effect of this annealing is not understood. 
Phenomenological it can be described by a decrease ot the thickness of an apparent 
non-ferroelectric interface layer between the PbZr(Tii_vOi and the electrodes.15 
The back-end processing causes some deterioration of the ferroelectric capacitors. 
It is not clear what the cause ot this effects is. Tentatively it is ascribed to stress. An 
attempt was made to improve the properties of the completely processed ferroelectric-
capacitors by applying an anneal comparable to that applied directly after the structur-
ing. The TiW/AI-metallÌ7ation puts an upper limit to the anneal temperature of about 
40()°C. A slight improvement of the ferroelectric capacitoi properties was observed 
after an anneal at 3()()°C in oxygen. Above this temperature we encountered problems 
with the adhesion of the lerroelectnc capacitors which finally lead to their delamina-
tion. 
The endurance of the ferroelectric capacitors exceeds 1011 cycles at relatively low 
switching amplitudes. For higher amplitudes the amount ot switched charge is higher 
but also a faster fatigue is observed. No retention loss has been observed for the stand 
alone ferroelectric capacitors. 
The performance of the Si-circuitry and the ferroelectric capacitors allows a proper 
functioning of the ferroelectric memory cells. The endurance of the real memory cell is 
better than that of the ferroelectric capacitor. This encouraging observation is attributed 
lo a lower voltage across the ferroelectric capacitor in the memory cell compared to the 
stand alone ferroelectric capacitor.8 However for smaller capacitor sizes this effect will 
become less important. In this case the voltage has to be increased in order to maintain 
a sufficient amount of switched charge. In practice, a trade-off between memory densi-
ty and endurance will have to be made. For very small ferroelectric capacitors the 
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endurance as observed tor stand alone capacitors will become important again It 
should be noted that these results have been obtained on single memory cells New 
challenges will be encountered when a memory matrix of some size is fabricated 
12.5. Summary and conclusions 
Uniform deposition ot PbZr
x
Ti]
 х
Оч has been obtained over 10 cm substrates It has 
been shown that with OMCVD ferroelectric capacitors can be made, using Pt elee 
trodes that meet the requirements tor their application in ferroelectric memories 
Endurance data as well as retention measurements of ferroelectric capacitors with 
ΡηΖηΊΊι
 v
Oi and Pt electrodes indicate that these PbZrjTi|
 (Oi films are of sufficient 
quality tor application in lerroelectnc memories 
The feasibility of integrating ferroelectric thin films with CMOS technology was 
demonstrated by processing a ferroelectric process evaluation module including CMOS 
test structures ferroelectric capacitors and some single memory cells with capacitors of 
si/es down to 25 \xm2 
The lerroelectnc processing is found to slightly influence the performance of the 
Si circuitry Leakage currents of diodes are found to be somewhat higher compared to 
wafers without the ferroelectric processing This effect is attributed either to the omis­
sion of the hydrogen anneal or to contamination of the Si by for example Pb Although 
the effects are small and do not seem to obstruct the functioning of ferroelectric memo­
ries a diffusion barrier layer (in the case of the lead contamination) may be necessary 
The transistor threshold voltages are higher lor the wafers with the ferroelectric capaci­
tors This effect is attributed to an omission of a final anneal step in a hydrogen ambi 
ent Such an anneal is used in Si technology to remove surface states and improve relia 
bility but is detrimental for the ferroelectric capacitors Special precautions will be 
needed to apply this anneal treatment for ferroelectric memories 
Hysteresis curves are comparable before and after the back-end processing with 
remanent polarizations as high as 33 цС/ст2 The properties ot the ferroelectric capaci 
tors are found to improve (reduction ot the leakage current and reduction of the coer 
cive held strength) by a 'S minutes anneal in an oxygen ambient at temperatures around 
500°C after their structuring The completion of the back-end had a small negative 
effect on the performance of the ferroelectric capacitors A repeated anneal at 30()°C 
resulted in a small improvement Higher annealing temperatures resulted in a delamina 
tion of the ferroelectric capacitors 
Ferroelectric memory cells have been found to function properly The endurance of 
the memory cells exceeds 1 0 n read/write cycles 
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Summary 
The market for non-volatile silicon-based memories is growing rapidly and those who 
have a prosperous view of the future even predict that solid-state memories will replace 
compact discs and magnetic media for mass data storage. At present the non-volatile 
memories on the market are several types of (electrically) erasable programmable read­
only memories, (E)EPROMs. These memories have in common that they need a rela­
tively high voltage for programming. With standard IC-voltages decreasing rapidly to 
values below 2 Volt (enabling single battery operation) this last issue is becoming a 
serious problem. Therefore, alternative types of non-volatile memories are being 
explored. 
Ferroelectric materials have a remanent (it's there without external electric Meld) 
polarization. The direction of this polarization can be changed by an electric field. Fer­
roelectric materials posses a 'natural memory', so to speak. These materials have been 
known for long and the idea to use them for binary data storage originates from the 
I950's. The basic element of this type of memory is formed by a ferroelectric capaci­
tor: a ferroelectric layer sandwiched between electrodes. Early prototypes were unsuc­
cessful because rather high voltages were needed to switch the ferroelectric capacitor 
(200-300V) and the memories suffered from cross-talk (programming one particular 
cell influenced neighbouring cells). The revival of ferroelectric memories was driven 
by the development of thin film deposition techniques which allowed the formation of 
capacitors with ferroelectric thin films of submicron thicknesses. These capacitors can 
be switched with normal 1С voltages. The cross-talk problem is circumvented by isolat­
ing each memory cell by a transistor. To combine a ferroelectric material with 1С tech­
nology is a challenge and many problems have been (and will be) encountered. 
The ferroelectric material described here is lead zirconate titanate (РЬ7г(Ті|_(Сц ). 
This thesis describes one technique to deposit thin films of PbZr(Ti|_(03, organometal-
lic chemical vapour deposition (OMCVD) and it touches upon some of the integration 
issues that are encountered. For the deposition of the PbZ^Tii^O} films two set-ups 
have been used: one home-built set-up for small substrates (I cm diameter) and one 
custom-built machine for wafers up to 15 diameter. 
Part 1 of this thesis describes the heteroepitaxial growth of lead titanate (PbTiO^) 
and РЬ7г (Ті|. Оз on strontium titanate (SrTiO^) and magnesium oxide (MgO). In 
Chapter 3 the heteroepitaxial growth of PbTiO^ on (001) strontium titanate is 
described. This system is relatively simple from a point of view of thin film deposition. 
At a deposition temperature of 7()()°C and using the precursors tetraethyllead (TEL), 
tetra/.soproxidetitanium (TIP) and oxygen, heteroepitaxial thin films of PbTiO^ on 
(OOl)SrTiO^ were obtained. The composition of the films was determined by Auger 
electron spectroscopy and Rutherford backscatlering spectrometry (RBS). The het­
eroepitaxial nature of the films was confirmed by X-ray diffraction (XRD), including 
pole figure analysis, RBS channelling and transmission electron microscopy (ТЕМ). 
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The killer technique showed that two cryslallographic domains were present in the film: 
one having the (longer) < axis perpendicular to the substrate surface and one with the a 
axis directed along the surface normal. This phenomenon is described in more detail in 
Chapter 6. 
The kinetics of the growth of PbTi0 3 on (001 )SrTi03 are described in Chapter 4. 
An important observation made here is that above a growth temperature of about 70()°C 
stoichiometric films are obtained largely independent of growth temperature and pre-
cursor partial pressures. The existence of such a process window is of technological 
importance; temperature variations or changes in precursor partial pressures over large 
waters will not immediately result in changes in the composition of the films. A mecha-
nism involving the competition between the desorption of PbO and the formation of 
РЬТіСц by reaction of PbO with ТіСЬ is held to be the cause of the existence ol the 
process window. Above 7()0°C the growth rate is found to be almost independent on 
the growth temperature. This indicates that the growth rale is limited by gas-phase dif­
fusion. The growth rate increases linearly with increasing partial pressure ol the TIP 
and decreases with increasing partial pressure of TEL. These observations are 
explained by a competitive adsorption mechanism between the lead and titanium 
species. The supply of the Ti species is growth rate limiting. The partial pressure of 
oxygen does not have a large influence on the growth rate. 
In Chapter 5 a growth model is formulated based on the observations described in 
Chapter 4. Although the number of experimental data in some cases is limited, a rea­
sonable agreement between the calculations and the experimental results is obtained. 
The microstructure of heteroepitaxial PbTi0 3 films on (001 (SrTiO^ is described in 
more detail in Chapter 6. The thickness of the films turns out to be a major factoi for 
the microstructure. Phenomenologically three regions are present. For a film thickness 
above about 100 nm the predominantly ( -axis oriented films contain a-axis oriented 
regions Deterioration of the crystal quality is evidenced by an increase in the RBS 
minimum channelling yield and an increase in the rocking width of the XRD reflec­
tions. Residual stress seems to be present in these films. The highest crystal quality is 
found for film thicknesses between about 50 and 100 nm. Low values for the minimum 
channelling yield are obtained and no a-axis oriented domains could be found in these 
films. II the film thickness is smaller than 50 nm the value for the minimum chan­
nelling yield increases. This effect is ascribed to a 'size effect" in these very thin films: 
the tetragonal structure of РЬТіСц tends to become cubic. In Chapter 7 this effect is 
also described for very Ihin films grown on (OOI)MgO. With decreasing film thickness 
a gradual decrease of the с axis and an increase in the «-axis length is observed. These 
changes in the lattice constants are correlated with a decreasing average crystallite sizes 
in the films. A reasonable agreement between data obtained for thin films and sub-
micron powders is obtained. 
Part I of this thesis is concluded by the description of heteroepitaxial grown 
PbZr, Г і | . , 0 3 on (001)SrTiO 3 and S r R u 0 3 / S r T i 0 3 (Chapter 8). With increasing Zr 
fraction in the film the mismatch with the substrate increases and the crystal structure 
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changes trom telragonal into rhombohedral Despite the larger mismatch, it is lound 
that the rhombohedral films have a markedly lower value for the minimum channelling 
yield Ferroelectric properties were measured for a heteroepitaxial capacitor of 
PbZro ¡jTif) 2^τ, and SrRuO^ electrodes (grown by pulsed laser deposition) This capaci­
tor practically showed no degradation ot its properties after 10' ' switching cycles. 
For integration in 1С technology the ferroelectric films have to be deposited on sili­
con waters provided with an electrode. The most frequently used electrode is a poly-
crystalline platinum layer PbZr ( Ti| ,Ο^ films deposited on such electrodes will also be 
polycrystallme In Part 2 the deposition ot polycryslalline films is described It starts 
with the deposition ol РЬТіСц on small platinized Si substrates at temperatures between 
400 and 550°C (the upper limit was set by the thermal stability of the Pt electrodes used 
in this study). The influence of the deposition parameters on the composition of the 
films is described. Ferroelectric pioperties could be measured on a film that was 
deposited at 4()0°C and post annealed at 700°C. 
The deposition of PbZr
v
Tii ,Ο^ on small substrates is described in Chapter 10. 
Also for this material a window ol process conditions exists where stoichiometric films 
are obtained. Ferroelectric properties were measuied as function ot the zirconium frac­
tion for films deposited within (he process window on a platinum bottom electrode 
Sputtered gold top electrodes were used. For a film deposited at 5()()°C (outside the 
process window) the ferroelectric properties were comparable to those for films 
deposited at higher temperatures 
The two final chapters of this thesis describe the deposition of PbZr,Ti | ,Ο^ over 
10 cm platinized silicon wafers. In Chapter I I the growth model as was formulated for 
the growth of РЬТіСц (Chapter 5) is extended to the deposition of PbZr,Ti | . ,Oi It 
turns out that, although the material as well as the reactor geometry are different, the 
model provides a reasonable description of the deposition process. In the films the 
telragonal and rhombohedral phases ot PbZr,Ti | ,Ο^ coexist within a wide range of ν 
().2<v<0.'i). The ferroelectric properties have been measured on capacitors with plat­
inum electrodes and the influence of the deposition parameters on these properties is 
studied 
In the final chapter technological issues are addressed. These include step coverage 
and uniformity of the PbZr
x
Ti| ,Οι films Chapter 12 is concluded by the description of 
a memory cell The pioperties of the ferroelectric memory cells demonstrate the feasi­
bility of the integration ot ferroelectric capacitors in 1С technology. They also prove the 
feasibility of OMCVD for the deposition ol ferroelectric layers. 
ι g ^ Summa/ \ 
Samenvatting 
De markt voor met-vluchtige, op silicium technologie gebaseerde, geheugens groeit 
snel en volgens sommigen (met een optimistische inslag) zullen dergelijke vaste-stof 
geheugens in de toekomst de compact disc en magnetische media voor audio en video 
data opslag kunnen gaan verdringen De momenteel verkrijgbare niet vluchtige 
geheugens 7ijn een aantal typen (electrically) erasable programmable read only memo-
ries, (E)EPROMs (in goed Nederlands) BIJ al deze geheugens is een relatief hoge pro-
grammeer spanning nodig Dit wordt een steeds groter probleem aangezien de voltages 
voor geïntegreerde schakelingen (IC's) steeds lager worden (voor komende generaties 
vermoedelijk minder dan 2 Volt waardoor IC's kunnen werken op een enkele batterij) 
Het is daarom noodzakelijk om alternatieve geheugens te ontwikkelen 
Ferroelektrische materialen bezitten een permanente polarisatie De richting van 
deze polarisatie kan worden veranderd door een (extern) elektrisch veld In feite, zijn, 
of hebben deze materialen een 'natuurlijk geheugen' Het bestaan van terroelektnsche 
materialen is al lang bekend en ook het idee om ze toe te passen voor binaire data 
opslag is al in de jaren vijftig geopperd Hel basis element van een dergelijk geheugen 
is een ferroelektrische capaciteit een terroelektnsche laag met aan beide zijden een 
elektrode De eerste prototypes van een dergelijk geheugen bleken slecht te werken Er 
waren hoge voltages nodig om het terroelektnsche materiaal te kunnen schakelen (200-
300 V) en de geheugens hadden last van overspraak (bij het programmeren van een 
bepaalde cel werd de inhoud van naburige cellen beïnvloed Het opnieuw in de belang 
stelling komen van deze typen van geheugens is vooral te danken aan het opkomen van 
technieken waarmee lagen konden worden gedeponeerd met een dikte kleiner dan een 
micrometer Capaciteiten met deze dunne lagen konden nu wel worden geschakeld met 
in de lC-wereld gebruikelijke voltages Het overspraak probleem is opgelost door elke 
individuele geheugencel te isoleren met behulp van een transistor Integratie van fer 
roelektnsche materialen met silicium technologie is een uitdaging waarbij nog veel 
problemen zullen moeten worden opgelost 
Het ferroelektrische materiaal dat in dit proefschrift centraal staat is lood zirkonaat 
titanaat, PbZ^Tïi
 xO^ In dit proefschrift wordt een techniek beschreven om van du 
materiaal dunne lagen te maken, organometaal gasfase depositie (een werkwijze die in 
het vakgebied bekend is als 'organometalhc chemical vapour deposition (OMCVD)') 
Aan het eind van het proefschrift wordt enige aandacht geschonken aan de integratie 
van PbZr,Ti |
 xO^ met silicium technologie 
Voor de depositie van PbZr(Ti] (0^ is gebruik gemaakt van twee opstellingen, een 
opstelling voor relatief kleine substraten (ca 1 cm) en een commerciële, op specifi 
caties gebouwde, opstelling geschikt voor plakken tot 15 cm diameter 
Deel 1 van dit proefschrift gaat over de heteroepitaxiale groei van lood titanaat 
(РЬТіОз) en PbZr
x
Ti|
 x
O^ op eenknstallijne strontium titanaat (SrTiO^) en magnesium 
oxyde (MgO) substraten In Hoofdstuk 3 wordt de depositie van PbTiO^ op (001) 
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georiënteerd Strontium titanuut beschreven. Dit is, vanuit het oogpunt van kristalgroei, 
een relatief simpel systeem. Bij een depositietemperatuur van 700°C en met de uit-
gangsverbindingen ('precursors') telraethyllood (TEL), tetra/.wpropoxidetitanium (TIP) 
en zuurstof konden heteroepitaxiale PbTiO^ lagen op (OOI KSrTiO^ worden aangegroeid. 
De samenstelling van deze films is onderzocht met Auger electron spectroscopy en 
Rutherford backscattering spectrometry (RBS). Met behulp van ronlgendiffraclie 
(XRD), RBS channelling experimenten en transmissie elektronen microscopie (ТЕМ) 
kon worden aangetoond dat de hoofd-kristalassen van de PbTiO^ laag op dezelfde 
manier georiënteerd zijn als die van het SrTiO^ substraat. De TEM analyse toonde 
tevens aan dat er in de PbTiO^ laag twee typen van kristallografische gebieden 
voorkwamen: een waarvan de (langere) c-as loodrecht op het substraat oppervlak staat 
en een waarvan de kortere «-as in de richting van de oppervlakte normaal staat. Op 
deze structuur zal in Hoofdstuk 6 nader worden ingegaan. 
De kinetiek van de groei van PbTiCh op (OOOSrTiO^ is beschreven in Hoofd-
stuk 4. Een belangrijke waarneming is dat wanneer de depositietemperatuur minimaal 
7()0°C is, de gedeponeerde lagen altijd de juiste (stoichiometrische) samenstelling 
blijken te hebben, onafhankelijk van de depositietemperatuur en de partieeldrukken van 
de precursors. Dit verschijnsel is van technologische belang: het impliceert dat schom-
melingen in de temperatuur en kleine variaties in de partieeldrukken van de precursors 
niet direct leiden tot een variatie in de samenstelling van de gedeponeerde laag. Vooral 
bij grotere substraat diameters kan dit een belangrijk voordeel opleveren. Dit gedrag is 
verklaard met een mechanisme waarbij er een competitie plaatsvindt lussen de desorp-
tie van op het oppervlak aanwezig lood oxyde (PbO) en de reactie van dit PbO met 
titaan dioxyde (TiCb) waarbij РЬТіОз wordt gevormd. Bij een temperatuur hoger dan 
700° blijkt de depositiesnelheid vrijwel niet meer af te hangen van de depositietemper­
atuur. Dit suggereert dat de depositiesnelheid wordt gelimiteerd door gasfase diffusie. 
De depositiesnelheid neemt lineair toe met de partieeldruk van TIP en neemt af met 
toenemende partieeldruk van TEL. Deze waarneming kan worden verklaard door een 
mechanisme waarbij een concurrerende adsorptie plaatsvindt tussen de titaan- en lood 
verbindingen. De depositiesnelheid wordt gelimiteerd door de aanvoer van de titaan 
verbinding. De partieeldruk van zuurstof blijkt geen grote invloed op de depositiesnel­
heid te hebben. 
In Hoofdstuk 5 is een groeimodel beschreven dat is gebaseerd op de waarnemingen 
uil Hoofdstuk 4. Over het algemeen is de overeenkomst tussen de experimenten en de 
modelberekeningen goed. Het aantal experimentele gegevens is in enkele gevallen te 
klein om een betrouwbare vergelijking te kunnen maken. 
De microstructuur van heteroepitaxiale РЬТіОз op (OOUSrTiO^ is beschreven in 
Hoofdstuk 6. Het blijkt dat met name de dikte van de lagen een grote invloed heeft op 
de microstructuur. Fenomenologisch kunnen er drie gebieden in dikte worden onder­
scheiden. Voor een laagdikte groter dan 100 nm bevatten de overwegend c-as georiën-
teerde lagen kristallografische gebieden waarvan de л-as ongeveer loodrecht op het 
substraat oppervlak staat. Deze gebieden zorgen vooreen verslechtering van de 
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kristalkwaliteil /oals is gebleken uit RBS en XRD metingen Het lijkt erop dat de/e 
dikkere films nog onder spanning (druk) staan De beste knstalkwaliteit wordt gevon­
den voor lagen met een dikte tussen ongeveer ^0 en 100 nm Deze lagen hebben slechts 
een kristalonentatie Uit RBS metingen is geconcludeerd dat voor lagen dunner dan ca 
50 nm de knstalkwaliteit weer afneemt Dit verschijnsel is toegeschreven aan het optre­
den van een 'kleine deeltjes' effect, de tetragonale eenheidscel van PbTiCh verandert 
geleidelijk in een pseudo kubische cel bij afnemende gemiddelde knstallietgrootte In 
Hoofdstuk 7 wordt dit verschijnsel ook beschreven voor hele dunne PbTiO^ lagen die 
gedeponeerd zi|n op (OOl)MgO Met afnemende dikte van de lagen wordt de lengte van 
de с as geleidelijk kleiner en die van de a as geleidelijk groter De/e veranderingen in 
de roosterconstanten van РЬТіО^ worden gecorrelleerd aan een afnemende gemiddelde 
kristalhclgrootte in de lagen Er is een redelijke overeenkomst met een vergelijkbaar 
effect dat optreedt in PbTiO^ poeders met een sub-micrometer deeltjesgrootte 
Deel I van dit proefschrift wordt afgesloten met de beschrijving van heteroepitaxi-
aal PbZr J i ,
 v
Ch op (OOI)SrTiOi en SrRuO-,/(001 )SrTi0 1 Als de fractie Zr in de 
PbZr
v
Ti]
 v
O·) laag toeneemt wordt het veischil tussen de roosterconstanten van de laag 
en die van het substraat groter Bovendien verandert de tetragonale eenheidscel in een 
rhombohednsche Het blijkt dat de op (OOl)SrnOi heleroepitaxiaal aangegroeide 
PbZr,Ti|
 x
Oi, lagen met een rhombohednsche structuui een hogere knstalkwaliteit 
hebben dan de lagen met de tetragonale eenheidscel ondanks het grotere verschil in 
roosterconstanten tussen de rhombohednsche laag en het substraat De ferroclektnsche 
eigenschappen konden worden gemeten voor een heteroepitaxiale capaciteit met een 
PbZr ( ) xTio20i laag tussen SrRuOi elektroden (deze laatsten zijn gemaakt met laser-
ablatie techniek) Deze ferroelektnsche capaciteit bleek goed te werken, na H)1 • keer te 
zijn geschakeld was er nog nauwelijks een verslechtering van de terroelektrische eigen­
schappen waarneembaar 
Voor de integratie van ferroelektnsche lagen met silicium IC's is het noodzakelijk 
dat de lagen worden gedeponeerd op silicium plakken die zijn voorzien van een elek­
trode De tot nu toe meest toegepaste elektrode is een polyknstallijne platina laag De 
PbZ^Tii
 v
O^ lagen die op dergelijke elektroden worden gedeponeerd zijn ook 
polyknslallijn 
In Deel 2 wordt de depositie van polykristallijne PbZr,Tij ,Oi lagen beschreven 
Dit deel begint met de beschrijving van de depositie van PbTiOi bij temperaturen 
tussen 400 en 550°C op kleine Si substraten met een Pt elektrode (met de kwaliteit van 
de Pt elektroden die gebruikt zijn voor dit werk bleek het niet goed mogelijk om 
deposilietemperaturen hoger dan 550°C te gebruiken) De invloed van de depositiepaia 
meters op de samenstelling van de PbTïOi laag is onderzocht Ferroelektnsche eigen 
schappen konden slechts worden gemeten aan een laag die bij 400°C was gedeponeerd 
en vervolgens was uitgestook! bij een temperatuur van 700°C 
De depositie van polyknstalli|n PbZrtTi[ (0^ op kleine substraten is beschreven in 
Hoofdstuk 10 Ook bij de depositie van dit materiaal blijkt de samenstelling van de laag 
niet sterk at te hangen van de partieeldrukken van de precursors en de depositietemper-
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dtuur indien de/e laatste hoger was dan 700°C De ferroelektnsche eigenschappen kon 
den worden genieten als functie van de Zr fractie in de lagen In de/e gevallen is voor 
de boven elektrode goud gebruikt Het bleek ook mogelijk te zijn om een PbZrxTi| xO·) 
laag te deponeren bij een temperatuur van 500°C In dit geval moesten de partieel-
drukken van de precursors zeer nauwkeurig worden gekozen De ferroelektnsche eigen-
schappen van deze laag waren vergelijkbaar met die van de lagen die bij hogere tem-
peratuur werden gedeponeerd 
De laatste twee hoofdstukken van dit proefschrift gaan over de depositie van 
PbZrxTii Оз over 10 cm diameter silicium plakken voorzien van een platina elektrode 
Het groeimodel zoals geformuleerd voor de depositie van PbTiO^ (/ie Hootdstuk 5) is 
uitgebreid om ook de depositie van PbZr,Ti| ,Оз te kunnen beschrijven Dit blijkt 
redelijk te lukken ondanks hel teit de depositie omstandigheden belangrijk anders 
waren 
Met XRD kon worden aangetoond dat in deze lagen de tetragonale en rhombo-
hedrische fase van PbZr
v
Ti| ,Oi binnen een betrekkelijk groot interval in \ 
(0 2<v<0 5) naast elkaar kunnen voorkomen De ferroelektnsche eigenschappen van 
capaciteiten met twee platina elektroden zijn gemeten en de invloed van de depositiepa­
rameters op deze eigenschappen /ijn bepaald 
In het laatste hootdstuk (Hoofdstuk 12) komen enkele technologische aspecten aan 
de orde Er is gekeken naar de stap bedekking van PbZr
x
Ti]
 к
О-\ films en naar de uni­
formiteit van een PbZr(Ti[ tOi laag over een 10 cm substraat Dit hoofdstuk wordt 
algesloten met de beschrijving van een werkende ferroelektnsche geheugencel De 
eigenschappen van deze cel tonen aan dat het mogelijk is om ferroelektnsche materi­
alen te integreren in silicium technologie Tevens laten ze zien dat OMCVD een 
geschikte techniek is om terroelektnsche PbZr
x
Ti] ^О^ lagen te maken 
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